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1. COMBUSTION CHARACTERISTICS OF HYDROGEN 

By  Andrew E. Potter, Frank E .  Belles, and Isadore L. Drell 

Introduction 

The chemistry of the hydrogen flame is comparatively w e l l  understood. 
Much  more is known about  the  reaction between hydrogen and oxygen than 
the  reactions between hydrocarbons  and oxygen. However, the  science of 
combustion has  not advanced far enough t o  make possible  prediction of 
the  combustion properties of hydrogen from this knowledge. The  combus- 
t ion  properties must be measured. Fortunately,  the hydrogen flame has 
received  considerable  attention from  experimenters, and much is known 
about it. From the  wealth of information  available,  just a few items of 
pract ical   in terest   are  discussed here.  Reference 1 gives  an  extensive 
review of the combustion properties of hydrogen, and it is  recommended 

CI that  the  reader  see  reference 1 f o r  a detailed discussion. 

The material  discussed  here is divided  into  three  parts: (1) - "transient" combustion properties, which have t o  do w i t h  s t a r t i ng  and 
stopping  the flame, f o r  example, ignition and blowoff; (2) the  steady 
flame, in  particular,  the  burning  velocity; (3) the  possibi l i ty  of 
shortening combustors designed fo r  hydrogen fue l  * 

"Transient" Combustion Propertles 

Flammability  range. - The range of fuel concentrations which w i l l  
support a flame (refs .  1 and 2) i s  sham  in   f igure  1. For comparison, 
the flammable range f o r  Jp-4 f u e l  is also shown. The s t r iking  feature  
of hydrogen tha t  is  $emonstrated Fs the  w i d e  range of fuel  concentration 
that w i l l  support a flame. The limits of flammability are substantially 
independent  of  pressure,  provided the  apparatus-used  for  the measurement 
is not so small as t o  quench the flame a t  low pressures. If a hydrogen 
flame is allowed t o  propagate fo r  some distance  inside a tube,  the flame 
w i l l  turn  into a detonation.  Detonations in hydrogen-air  mixtures can 
also  be  ini t ia ted  by shock waves from explosions. The concentration 

(ref .  1) . 1 range f o r  detonation is from 18 .Z t o  58.9 percent hydrogen by volume 

-.. 



Spark ignition energy. - Figme 2 shows the minimum  amount of energy * 
a spark must  have in  order  to  ignite a. combustible  'mixture which has the 
composition indicated on the  abscissa  in terms of equivalence r a t i o  (ref. 
3, pp. 412 and 414). (me  equiwlence  ra t io  is the  fuel-air   ratio  divided 
by the  stoichiometric  fuel-air   ratio.)  Data a t  1 atmosphere f o r  hydrogen 
and a typical-petroleum hydrocarbon fue l  (propane) are shown i n  t h i s  
figure. The principal  point of . interest  i s  the   fac t  that a spark needs 
only one-tenth  the.energy to   i gn i t e  8 hydrogen-air m i x t u r e  t h a t  it needs 
to   ign i te  a hydrocarbon-air m i x t u r e .  Because s o  l i t t l e  spark  energy is 
required  to-  ignite hydro'gen, precautions  for  avoiding  static  electrical  
sparks  by grounding equipment  must be. s t r i c t l y  observed when handling 
hydrogen. 

t 

Spontaneous ignition temperature. The spontaneous ignit ion tempera- 
tu re  depends largely  on-the experimental  technique  used t o  measure it. This 
is t rue   for  a l l  fuels .  . For hflrogen. .it is possible  to  specify a maximum 
safe temperature st atmospheric  pressure of about 950° F. This is con- 
siderably  higher  than that f o r  most hydrocarbons, which  have spontaneous 
ignition  temperatures  ranging from 400° t o  600' F. As pressure  decreases, 
the  ignition  temperature f o r  most hydrocarbons increases. Hydrogen be- 
haves in  the  opposite manner; as pressure  decreases, "the ignition tem- 
perature  decreases.--At  very l o w  pressures  ignition may occur a t  tempera- 
tures approaching 70O0 F. Figure 3 shows the  temperature to which a 1/4- 
inch-diameter  rod must be  heated t o  cause ignition  plotted  against flow e 
veloci ty   for  a typical hydrocarbon  and for hydrogen (ref. 4 ) .  T h e - m i -  
t ion  temperature for hydrogen is less than  that   for  the hydrocarbon. 
Furthermore, the  ignition  temperature of  hydrogen is not  affected much I 
by  the  velocity of flow. I n  view of these  effects of pressure and flow 
velocity on ignition  temperature, it is not surprising that hydrogen 
ignites spontaneously i n  the  afterburner. 

Quenching distance. - A flame can be extinguished by forcing it t o  
propagate  near  cold  solid walls which withdraw heat from it. A measure 
of the  flame's  resistance  to  being  extinguished by  cooling is the quenching 
Itistance.  Figure 4 shows quenching distances a t  a pressure of I atmos- 
phere f o r  a typical hydrocarbon a;nd hydrogen . ( r e f .  3) . The quenching 
distance is  the  distance between two parallel walls which.wil1  just  allow 
a flame t o  pass between them. The smaller  the quenching distance,  the 
greater  the  resistance of the flame t o  being  extinguished  by  coaling. 
The quenching distance  for hydrogen is a l i t t l e  less than  one-third  the 
quenching distance  for  the hydrocarbon ( f ig .  4) ,  which shows that the 
hydrogen flame is more resis tant   to   heat  loss  than  the hydrocarbon flame. 
This is t rue in  sp i te  of the  high thermal conductivity of hydmgen-air 
mixtures, because of the high raw-and low activation  energy of the 
chemical reaction between hydrogen  and  oxygen. 
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Blowoff. - The way of extinguishing a flame. tha t  is of primary in- 
t e re s t   t o   t he  combustor and  afterburner  designer i s  the blowoff of a flame 
s tabi l ized behind a flameholder.  Figure 5 shows a sketch of a flame 
stabi l ized behind a flameholder. 

Many theories have been  proposed for   the  mechanism  of s tabi l izat ion 
of flames  by  flameholders. One of the  simplest, and f o r  that reason 
perhaps the best, is that. of Zukoski and k b l e .  According t o  them, the 
cool unburned gases are continuously  ignited as they  flow past the hot 
combustion products  recirculating  behind  the  flameholder. The time of 
contact between the  hot  burned gas and the  cold unburned  gas is inversely 
proportional t o   t h e  f low velocity. When the  velocity  increases,  this 
contact t i m e  decreases. When the  velocity  becomes-too  high,  the  contact 
time is too  short   to  permit  ignit ion,  and the flame blows out. Very 
l i t t l e  is known about the  contact time required  for  ignition. In a 
qualitative  sense, it seems that there  should be some connection between 
t h i s  time  and the  ignition  delay, wfiich is the time required  for  ignit ion 
to  take  place after a combustible mixture has been  heated.  Ignition  delays 
f o r  a typical  hydrocarbon (isooctane)  and  for hydrogen (refs. 5 and 6) 
are compared i n  figure 6. The resu l t s  shown are  ignition  delays in the  
presence of a flame; the  equivalence  ratio is unknown. The ignition de- 
lay f o r  hydrogen is much less  than  the  ignit ion  delay  for  the hydrocarbon. 
Then, on the basis of Zukoski and Marble' a mechanism, the blowoff veloc- 
i t y  f o r  hydrogen should be much greater  than  for a hydrocarbon. This is 
the case, as is shown in- f igure 7; the blowoff velociky f o r  hydrogen 
flames is about an order of magnitude greater than  for   the hydrocarbon 
flame ( re f .  7 ) .  The difference is especially  impressive a t  very low 
pressures.. !Rue,  hydrogen flames can be stabi l ized in  combustors and 
afterburners a t  very  severe  flow  conditions. 

. .  

The Steady Flame 

The most important  property of the  steady flame is the  burning  veloc- 
i ty .  Burning ve loc i t ies   for  hydrogen and a typical  hydrocarbon  (propane) 
at 1 atmosphere (refs. 1 and 2) are compared i n  figure 8. There are two 
noteworthy features in this  f igure. .   First ,   the  burning  velocity  for 
hydrogen is very  high compared t o  that f o r  the hydrocarbon. Second, 
the maxim burning  velocity  for hydrogen does not occur near the 
stoichiometric  mixture  ratio,  but  rather  in a fuel-rich m i x t u r e ,  at an 
equivalence ratio  near 1.8. 

The effect  of pressure on burning  velocity (ref. 8) is shown in 
figure 9. A s  before, hydrogen is -compared w i t h  propane.  Pressure affects  
the  burning  velocity of hydrogen- in  the  opposite way that it does most 
hydrocarbons. The burning  velocity  decreases  with  pressure  for hydrogen, 

even a t  law pressures,  the  burning  velocity  for hydrogen is much larger 
than  that  for the hydrocarbon. 

a. while that of the hydrocarbon increases as pressure. is lowered. However, 
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There are two- reasons  for  the-comparatively  large  burning  velocity 
of hydrogen. F i r s t ,  because of the high w a s  diffusivity  and.therma1 
conductivity of hydrogen, act ive  par t ic les  and heat  are conducted  ahead f 
of the  burning zone to   igni te   f resh mixture f a s t e r  for hydrogen-air mix- 
tures  than  for hydrocarbon-air  mixtures. Second, hydrogen and oxygen 
react  chemically t o  produce heat  faster  than hydrocarbons and oxygen. 
The- high  reactivity of  hydrogen is reflected  in  ease of spark  ignition and 
i n   d i f f i cu l ty  in extinguishing  the flame e i ther  by quenching orblowoff. 
The reac t iv i ty  of  hydrogen has important consequences in  combustor 
design, as can be  seen from the  following  discussion. 

. .  

Minimum  Volume Required f o r  Combustion 

Reduction of the  length o f  the combustor in  a Jet engine is very 
desirable  became of the  saving in  weight which resul ts .  For a given 
heat  output,  reduction of combustor length  requires that the- combustion 
process be completed. i n  a sel ler  spacel. A convenient measure o e h e  use 
of space is the space heat ing  ra te ,   the   ra teof-heat-rerease  per   it 
volume. Combustor v o l u e  is inversely  proportional t o  the space heating 
rate;  hence, increased  space  heating  rate  permits  decreased combustor 
length. The apace heating  rate may be  defined as follows: 

. . . .  

* 
Space heating rate = (Heating  value) (Combustion efficiency) 

Conibust ion t i m e  

The heating  value is defined  here as the  heat  obtained from the combus- 
t im of a uni t  volume (at inlet conditions) of fuel-air  mixture. com- 
bust  ion  efficiency has i t a  usual meaning. The combustion time is the 
time required  to complete the combustion process t o  the  extentxpecified 
by  the combustion efficiency. Once the   fue l  and inlet  conditions are 
fixed,  the  heating  value is fixed. The combustion efficiency is always 
made as Large as possible. The remaining factor  i s  the time  necessary 
f o r  combustion. This time must be reduced in-order t o  Increase  space 
heating  rate,  and thereby shorten the- combustor. 

Two factors,  one physical,  the  other chemical, control combustion 
time. The physical  factor i a  the  time  used  far  various  physical-processes, 
such as mixing of f u e l  and air, mixing of flame  and  burned gas with  fresh 
unburned gaa, and evaporation of fuel  droplets,.  The chemical factor  is 
the time  used for   the chemical reaction between f u e l  and oxygen t o  produce 
the heat of combustion. If mixing i n  the cambustor is very  intense,  the 
time required t o  complete the  various  physical  processes  can  be  reduced. 
Theoretically,  this  time  cm be made t o  approach zero by  sufficiently 
vigorous mixing. Eowever, t h i s  does not  affect  the time needed far the L 
chemical reaction, which is controlled  by  type and- concentration of fuel, 
inlet temperature and pressure, and combustion efficiency.  Fixing  these 
variables  fixes chemical  time. With negiigibie  physical time, tke chemical 
time sets a minimum on the time required for k r h s t i o n ,  and therefore a 
maximum on the space heating  rate and a minimum on the combustor size.  

4 
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The maximum space  heating rate determined  by the chemical  time is 
called  the chemical l i m i t .  There have been some e f f o r t s   t o  measure and 
to  calculate  this chemical lfmit on the space  heating rate for  various 
fuels ,  and some r e su l t s   fo r  Jp-4 fuel and hydrogen are Shawn in figure 
10, where space  heating  rate is plotted  against  pressure. The chemicsl 
limits for  the  space  heating rates shown are f o r  95-percent combustion 
eff ic iency  to  make them comparable with  engine  cmbustor performance. 
The i n l e t  temperature i s  25O C, and the fuel concentration is stoichiome- 
t r i c .  The l i n e  shown f o r  Jp-4 fuel was calculated from experimental 
resu l t s  of reference 9 f o r  isooctane. The l i ne   sham  fo r  hydrogen was 
estimated by multiplying  the  isooctane data by the r a t i o  of hydrogen t o  
isooctane  space  heating  rates  calculated from  burning  velocities and 
quenching distances of reference 10. For comparison, a band is shown in 
which f a l l  space  heating rates f o r  many Jet and ramjet combustors. The 
volume used f o r  this la t te r   ca lcu la t ion  was the  actual  combustor volume 
racier  than the true volume occupied by the flame. 

The chemical limit on the space  heating rate is much la rger   for  hy- 
drogen than   for  Jp-4 fuel. This is partly due t o  the higher heat of 
combustion of hytlrogen, but  mostly due t o   t h e  high reac t iv i ty  of hydrogen, 
that is, the high rate of heat  production  by  the  chemical  reaction. The 
purpose of f igure 10 is t o  show tha t   the   poss ib i l i ty   ex is t s  of gett ing high 
space  heating rates, therefore small combustors, by  using hydrogen as fuel .  
Considerations of pressure loss and outlet  temperature make it unlikely 
that the  theoretically  poasible  reduction i n  combustor s ize  is feasible, 
or  even desirable. Nevertheless, a significant  reduction  in combustor size 
should be possible, and in fac t ,  is possible  through  the  use of hydrogen 
I uel  . 

Summary 

Hydrogen can  be  burned  over a wider  range of fuel concentration  than 
any hydrocarbon. Even though hydrogen has a high  ignition  temperature, 
it is about t e n  times eas ie r   to   ign i te   wi th  a spark than a hydrocarbon, 
and the  flame is about ten  times harder t o  blow out once it is lit. 
Hydrogen has a higher  burning  velocity  than any hydrocarbon, par t ly  as 
a resu l t  of the  greater  rate of heat  production  in  the f l a m e .  The 
pract ical  result of this  is that, when hydrogen is subst i tuted  for  a 
hydrocarbon i n  a conventional cambustor,  performance of the combustor 
improves. More important, combustors and afterburners  designed  especially 
f o r  hy-drogen can  be made very  short and thus  reduce  engine  weight. 
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Figure, 1. - Flammable range of hydrogen and JP-4 fuel. 
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Figure 2. - Minim spark ign€tion  energies for hydrogen-air and 
propane-air mFxtures (da ta  from ref. 3). 
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Figure 3. - Ignition of flowing mixtures by heated  1/4-inch-diameter 
rod. Equivalence ratio, 1 (data from ref. 4) . 
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Figure 5. - Flame stabilizattan by bluff' body. 
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2 - COMBUSTION IN RAMJETS AND AFTERBURNERS 

Roland Breitwieser 
H. George Krull 



2. COMBUSTION I N  €lAMJZTS AND AF'I'EEBTBNFRS 

By Roland Breitwieser and H. George -11 

Recent  combustion investigations  in ramjet and turbojet  afterburner 
conibustors are discussed  herein. The two areas of research  are  treated 
collectively since the inlet   pressure,   the temperature, the  velocity, 
and the  general  configuration of these c&u6tors me  quite similar. 
The data are from small-scale  investigations, some recent work on f u l l -  
scale engines tested i n  the altitude test chambers, and a few resu l t s  on 
a ramjet engine tested i n  a supersonic wind tunnel. For the most par t  
the data are from the reports l isted i n  the BIBIJOGRAPHY. 

Analysis shows that, i n  order t o  use hydrogen fuel eff icfently, 
flight systems must be operated at high alt i tudes.  For this reason  the 
emphasis on codust ion work at the NACA Lewis  laboratory has been on 

sures. The usual method of reducing combustor w e i g h t  is shortening  the 
combustor length.  

.I simple  lightweight combustors that w i l l  operate e f f ic ien t ly  a t  l o w  pres- 

\ 

Before presenting  the combustor data, the steps and processes that 
are  necessaryto achieve  complete  conbustion w i l l  be reviewed. The f i r s t  
step is  that of injecting the fuel, ei ther  through fuel nozzles  or  spray 
bars. The f u e l  must then be mixed with air, preferably t o  a local   fuel-  
a i r  mixture  near  stoichiometric.  After the proper mixture is produced, 
the flame must be s tabi l ized a t  some poin t   in  the c d u s t o r  and then 
propagated  through the duct i n  order t o  comglete the combustion. 

An estimate of the conbustion ra tes  of hydrogen compared w i t h  those 
of hydrocarbons  can be made by using very a very  simple combustion model. 
F i r s t  assume that both fuels have homogeneous fuel-air  mixtures entering 
the combustor. Since the flow i n  the conibustor systems is generally 
much higher  than  that of the flame  speed, it is necessaryto anchor the 
flame a t  some point  by  using a flameholder  such as a V-gutter o r  a rod. 
After  the flame is anchored, it w i l l  propagate into  the  fuel-air  mixture. 

In the development of a short  combustor for hydrogen fue l ,  figure 1 . shows that a W g e  nuuiber of inject ion  points 'wi l l  reduce the conibustor 
length. Also, if the flame  spreading r a t e  i s  high, the length can be 
shortened s t i l l  further. Hydrogen fuel has the advantage i n  that f o r  a - 



given  blockage  area more  flame stabil ization  pofnts can  be used, since  very 
small flameholders  can be used t o   s t a b i l i z e  the flame, as Indicated i n  
the preceding  paper. Another advantage of hydrogen fuel c o q m e d  with a 
hydrocarbon fuel is  that the laslim. f l a w  speed of. hydrogen is  much higher. 
With the approximation tha t  the flame propagates  out as a -function of the 
laminar  flame  speed, a conibustor using hydrogen fuel would be m u c h  shorter 
than oue using a hy&ocarbon fuel, sfnce hydrogen f u e l  has  a laminar flame 
speed Or 5 t o  10 times that .of a hydrocarbon-fuel.. A very simple example 
of t h i s  is i l l u s t r a t ed  i n  the bottom of figure 1. Ten 1/2-inch flame- 
holder6 were assumed across a 1-foot  duct;  therefore,  the f Lame must 
propagate 5/100 of a ~t an 1de.t-a- veloci-ty of 200 feet per 
second and a %&nSe- flame speed of 10 f e e t  per-8econd, thX distance  re- 
quired t o  completely  burn the  fuel-air mixture is only 1 foot .   In  actual 
practice there w i l l  be a cer ta in  amount of turbulence ia  the- sy&em which 
w i l l  "wrinkle" the flame front  and cause a s t i l l  further reduct ion  in  
over-all  length. This model indicates that very  short combustors w i t h  a 
hydrogen-air &&e axe realizable: . .  

? 

The pattern of events  in  fuel-air  mixture  preparation is much the same " 

as t ha t  of flame stabi l izat ion and spreading-:-  The f u e l  is introduced from 
a ser ies  of fuel   in jectors ,  mixes with  the air, and spreads acrosB the 
duct. The-rate  of mixing can be increased By increasing  the number of 
injectors or by increasing  the  spreading rate. 

. .  

The n&er of fuel.   Injection  points  that  are feasible t o  w e  w i t h  a 
f u e l  such a s  hydrogen compared- w i k h  JP-4 and propane fuels can be deter- 
mined by the following  estimates. A fixed or i f ice   s ize ,  which is usually I 

Limited only by the-mechanical  problem of drilling a hole, was assumed. 
A constant  temperature rise across the combustor and a f u e l  manifold pres- 
sure equal t o  1 atmosphere were also assumed f o r  t h i s  comparison. If f u e l  
is  in jec ted   a t  a constant  velocity,  the number of injection  points far 
propane-would be 400 times that f o r  Jp-4- fuel;  the number of injection 
points for hydrogen f'uel,  because of i t s  very low density, would be 3200 
times tha t   fo r  Jp-4 fue l .  

ci- 

The assumption of a constant  injection  velocity may be crit*cized; 
perhaps the assumption of c r i t i c a l  flow  through  these  injection  orifices 
is more r ea l i s t i c .  If propane and hydrogen fuels   are   injectea a t  sonic 
velocity, and Jp-4 f u e l  is injected  with a comparable pressure  drop across 
the system, the number of fuel  ingectors  again  can  be compared.  Twenty- 
eight  times as many i aec t ion   po tn t s  c a .  be us-ed with propane fue l  and 37 
times as many injection  points w i t h  h w o g e n   f u e l  as tiith JP-4 fuel .  Thus, 
the  use of hydrogen fuel  enables faster fuel  preparation because a larger -- 

number of f u e l  LnJectors can be used. 
- .. 3 

I n  order t o   c o q a r e   t h e  mixing rates, the  steps in the  mixing process 
w i l l  be considered. Mixing 
diffusion.  For the gaseous 

Occur8 by tiirbulent mixing and molecular 
fuels the rate. of turbulent mixing should be r( 



essent ia l ly  the same. However, there is a k g e  change i n  the r a t e  of 
molecular diffusion  for  the  various  fuels.  FoFexample,  the  molecular 
diffusion rate of hydrogen f u e l  is 10 times tha t  of gaseous octane  fuel. 
The laxge nuniber  of injection  points  permissible with hydrogen f u e l  and 
i t s  high  molecular  diffusion rate suggest t ha t  a nearly homogeneous 
mixture may be'  obtained  by  relying  solely on a large  nuiber of injection 
points and  mo1ecul.m diffusion  alone.  This is i l l u s t r a t ed   i n   f i gu re  2, 
where the  ordinant  reflects the degree of mixing. The  minimum fuel-air  
r a t i o  is  coqared  with  the maximum fuel-air r a t i o  at a plane 1 foot  
downstream of the  injection  points. The  minlmum fuel-air r a t i o  is the 
Lowest fuel-air r a t i o  that is found in   this   plane downstream  of the fuel 
injectors, and it is compered with  the maximum fue l - a i r   r a t io  at this 
same plane. The comparison of the degree of mixing is shown f o r  an 
i n l e t - a i r  velocity of 400 feet per second, a pressure of 1/4 atmosphere, 
and  an in le t -a i r  tenrperature of 920' F. Approximately 1800 points of 
injection  per  square  foot are required t o  give a value of 0.9. This 
value  corresponds t o  a deviation  in  fuel-air   ratio of a5 percent from the 
mean value.  Eighteen hundred points of injection is not  too far from  what 
is being used in  actual combustor practice. Some of the conibustor systems 
developed at the Lewis laboratory have as many as 900 injection  points  per 
square  foot . 

Greater  advantage may be taken of the  injection  points by directing 
them normal t o   t h e  airstream. An i l l u s t r a t ion  of this is shown i n   t h e  
sketch i n  figure 2, where a manifold  spacing of 1 inch w a s  selected. 
The fuel sprays normal t o   t h e  stream, and the point  sources are arranged 
so tha t  they form a series of line  sources. From the line  source  the 
rider of points of injection that w i l l  be required t o   g e t  a  ne=- 
homogeneous fuel-air  mixture can be  calculated. The dotted  lines show 
that a ne=-homogeneous fuel-air  m i x t u r e  can be obtained  with something 
on the order of from 300 t o  400 injection  points  per  square  foot. 
Hydrogen, therefore, can be mixed quite  rapidly w i t h  a r e a l i s t i c  number 
of injectors  by molecular diffusion  alone. 

Normally, t h i s  rate of mixing would be expected to  increase  with 
the use of turbulence in  the  airstream, which  would shorten  the  prepara- 
t i on  t h e  of the  fuel-air  mixture still further.  Eowever,  some turbulence 
and flow distortions can actually delay and interfere  with the mixing 
processes,  as developed in  the  following examples. 

Assume tha t  a stoichiometric fuel-air r a t i o  is required and tha t  
the system has uniform fuel   inject ion.   In  actual combustors distorted 
profiles  often  exist ,  as shown i n  figure 3, which, i n  t u r n ,  w i l l  give a 
fuel-air-ratio  distortion. The obvious solution would be t o  match the 
fuel flow to  the  a i r f low  dis tor t ion,  but, unfortunately,  this  airflow 
distortion  often changes w i t h  operating  conditions.  Variations i n  flow 
caused by acoustic resonance are  also  often encountered which  would give 
time-varying fuel-air   ra t ios .  I n  an  amlogous manner the  use of large 



turbulence  promoters upstream of the   fue l   in jec tor  could produce time- 
varying  airflow at the fuel  in3ectors. This would lead,.then, t o  non- 
uniform fuel-air  mixtures i n  a time sense. If the scale of the  disturb- 
ances is large, the variations i n  fuel-air r a t i o  w i l l  have insufficient 
time t o  even out i n  the combustor. This i s  a serious problem i n  hydrogen 
combustors,  because generally  these conibustm systems are  quite  short. 
The c r i te r ion  that should  be used for the. tolerable scak of disturbances 
in   t he  system is that the flow distortions  should  be small with  respect 
t o  the length of the conibustor. 

The models that have  been discussed so far a re   f a i r ly  well idealized. 
They are idealized i n  the sense that they  separated  the  various  proc.esses 
in the combustcr , that is, the fuel preparation w m  separated from the 
combustion. I n  actual  practice with hydrogen fuel, both occur  simultane- 
ously, as Ulustrated in  figure 4.  Since  the fuel. has a wide flammability 
limit, high flame  speeds fo r  a wide range of - f d - a i r r a t i o s ,  and high 
blowout-velocities,  the  flame will t end  t o   s e a t  at the point of fuel 
injection. It cannot be premixed, as is often done w i t h  hydrocarbon fuels. 
Therefore,  the fuel injector  must also  serve as a flame stabi l izer .  I n  
one sense t h i s  i s  desirable because now the mixing processes and corribus- 
tion  .processes  me  occurring  simultaneously,  thereby  decreasing the length 
requirements for  the system. However, because the  s tabi l izat ion proce-ss 
i s  occurring a very  short  distance downstream of these  very small fuel 
injectors,  a combustible mixk-must be generated i n  extremely short 
times. If adequate  mixing is not obtained,  the flame w i l i  no longer 
sa t i s fac tor i ly  anchor itself at the  .point of. fuel injection.  Current 
experiences  with this kind  oFcombustor show that at cobe rva t ive   cod i -  . : 
t ions of moderate velocities,  pressures, and i n l e t  temperatares  the  flame 
w i l l  seat  on s i q l e  spray bars; but it w i l l  tend t o  blow  away &8 the in -  
let  conditioas becolqe m o r e  severe. 

. .  

Another factor that tends  to.  anchor +e .f Lame at the  point of fuel 
injection is  the approach to   the spontaneous ignition t*&perature Of "" 

the fuel a t  many operating  conditions. For exanrple, the combustor=i&t 
temperature is close t o  L200° F for a r q j e t  flying at a Mach  number of 4. 
I n  an  afterburner,  the spontaneous ign t t ion   t eqera ture  of hydrogen fuel 
i s  usually exceeded  by the  turbine-outlet  temperature. 

L . .  ... " .  

Figure 5 shows some of the spontaneous ignltion  temperatures of a 
16-inch afterburner. The velocity was"200 t o  800 feet 'per  second, b k e d  
on the maximum cross-sectional  area of the combustor. The length from 
the  fuel   in jector  t a  the..water  spray bar used t o  quench the reaction was 
142 t o  1% inches.  Inlet  temperature is plotted  against  pressure. Bench- 
scale  studies by Dixon (ref. 1) predicted ignition at the   in le t  tempera- 
ture  shown by the  solid  l ine.  Dixon's data -were obtained i n  a small 
coaxial tube experiment. The full-scale data are s i m i l a r .  No consistent 
effect  of velocity  (residence time) was found. ~ o r g a l ~ y ,  i n  ignit ion 
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experiments, lower ignition temperatures would be expected as the  residence 
time was increased. The independence of the data to   ve loc i ty  suggests 
that ignition  occurred in   the  recirculat ion zone  downstream  of the f u e l  
spray bars or i n  a separated  region on the centerbody. 

Good combustor performance would be  expected  in a system i n  which the 
fue l  spontaneously  ignited. Also, t h e   f u t i l i t y  of using  the  usual flame- 
holder at some distance dam of the spray bar was  indicated,  since it would 
generally be bmersed  in  the flame under most conditions of operation. 
This siqple  configuration was investigated over the range of conditiow 
shown i n  figure 6. High efficiencies were obtained at intermediate 
equivalence rat ios .  . 

I n  an  attempt t o  get a s t i l l  shorter  conbustor,  the  diffuser  center- 
body was shortened. The performance w i t h  a s h o r t  blunt  centerbody is 
shown i n  figure 7. The combustion efficiency w a s  again  near 100 percent 
at the  intermediate  equivalence  ratios and  dropped off slightly at the 
extremes of both the lean and r i ch  zones. 

On the basis of the moderately good combustion efficiency,  the 
simplicity of the  device, and the low pressure drop, this configuration 
was t e s t e d   i n  a full-scale engine  located i n  an   a l t i tude   t es t  facility. 
Instead of using concentrlc  spray bars, 8,s i n  the 16-inch-diameter af ter-  
burner, radial injectors w e r e  used; the nurmber of fue l   o r i f   i ce s  per square 
foot w a s  300. The conbustion-chambm length w a s  39 inches. The data 
were taken  a t  a n  i n l e t  velocity ranging from 560 t o  630 feet per second 
and an in l e t  temperature of 1240° F. Conbustion efficiency is plotted 
against  equivalence  ratio  in  figure 8. A t  the pressure range of 0.35 t o  
0.45 atmosphere, the conibustion efficiency w a s  about 100 t o  90 percent 
a t  lean  equivalence ratios. A t  the lower pressure of.0.19 t o  0.24 atmos- 
phere, much the same characterist ic was observed. Only at the  very  lean 
fuel-air   ra t ios  w a s  the conbustor  performance high. 

Before the shape of these curves is discussed,  the performance w i t h  
hydrogen fuel w i l l  be corupared w i t h  tha t  w i t h  JF f u e l  at s i m i l a r  condi- 
tions. The performance w i t h  Jp-4 f u e l  is presented a t  pressures of 0.42 
and 0.35 atmosphere (fig. 8). The configuration used for   the data w i t h  
the JP-4 f u e l  w a s  a conibustor of considerably greater length brrt similar 
diameter. It used a f Lameholder similar t o  the be t te r  ones in  use in  
existing  engines and had comparable inlet   veloci ty  and in l e t  temperature. 
Even w i t h  this more elaborate conbustor system, the data w i t h  JP-4 fuel 
were considerably h e r  than  those  with hydrogen fuel.  The peaks of the 
two curves, hydrogen and Jp-4 fuels, occurred at different equivalence 
ratios.  This is believed t o  be due, i n  part, t o  the type  fuel-air-ratio 
distribution  in  the  region of flame s tabi l izat ion and i n  the main co6bus- 
t o r  region f o r  the particular configuration  used w i t h  the  fuels.  Ap- 
parently a more elaborate combustor system  than was used in these t e s t s  
is needed t o  obtain high performance f o r  hydrogen fuels  a t  richer 



equivalence ra t ios .  A method of.improving  fuel-injector and flame- 
stabilizer designs w i l l  be illustrated  in  the"discus8ion on ramjet 
performance. . -  . "  .""" 

. .. 

The performance of the simple radial  fuel-bar  injector and flame- 
holder i n  the ramjet  conbustor is shown in   f igure  9. The same kind of 
combustor w a s  used in  the  afterburner work. Two configurations were 
chosen i n  order t o  show the effect  of blockxge and orifice  density. I n  
order to  bring  out  the  differences between these  configurations, severe 
operating  conditions were chosen since  both  configurations had high  per- 
formance with long conibustors (44 in.) and high  burner  pressures (I a t m  
and above). The burner  pressure was quite l o w ,  ra-qing .from .0.2 t o  0.35 
atmosphere, and the burner length was 18 inches. The burner le&h w a S  
measured f r o m  the  point of fuel   in ject ion  to   the  throat  of the exhaust 
nozzle. The diffuser centerbody  extended t o  the in l e t  of the exhaust 
nozzle. One of the configurations had a fuel  orffice  de-nsity of 450 
orifices  per square f o o t  and a blockege of 20 percent,  while  the  other 
had approximately  twice the or i f ice  density and twfce the blockage. 

The performance of the radial spray-bar system tha t  had only 450 
orifices  per square f o o t  and 20 percent blockage was quite poor. The 
combustion efficiency  level w a s  about 50 -p&cent, and blowout occurred 
at equivalence ratios  leaner t h a n  0.80. Increasing  the  blockage from 
20 t o  45 percent  and  increasing the or l f ice  deasity f i b i i  450 t o  §a0 
or i f ices   per   sqme  foot  im$?roved the  efficiency  consid&ably. The 
combustion efficiency was on the  order of about 80- percent. The reason 
far t h i ~  improvement was believed  to be due t o  several  causes.  First, 
the increased  orifice  density improved the local  fuel-air r a t i o  a t  the 
point of flame stabil ization  since  the fuel spray bars also served 88 
flame s tabi l izers .  The higher  orifice  densi€y  also improved the  over-all 
mixing rate. The higher  blockage gave  a la rger   s tab i l i ty  zone since the 
blockage w a s  achieved by increasing the size of the radial spray bars. 
The higher  blockage  also improved the   ra te  of mtxing. The total   pressure 
drop of this  configuration w a s  low, on the order of 5 t o  6 percent. 

Since this configuration was simple, i t 6  performance at less-severe 
operating  conditions was recorded, even though i ts  performance was low 
at severe  conditions. An example o P  the type o f  data  obtained is shown 
i n  figure 10. Conibustion efficiency is shown plotted  against  burner 
length foEvariom  burner-inlet  pressures at e constant  equivalence 
r a t i o  of 0.6. A t  a pressure on the  order  oE1/3 atmosphere, the eff i -  
ciency did not  increase much beyond 80 percent, even wfth long burner 
lengths; but-at  gressures above 1/2 atmosphere, the  efficiency was " 

quite good, even with burner lengths as short as 25 inches. A t  the  higher 
pressures (0.835 a t m  and above), very  short cortibustors could be wed with 
good performance. Note the  burner  length was measured from the  point of 
fuel inject ion  to   the exhaust-nozzle  throat. 
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If the combustor is. operated at conditions of lower pressures  or a t  
conditions of law fuel-air  ratio,  certain  techniques can be employed t o  
improve the performance, as illustr.ated i n  figure 11. I n   t h i s  figure 
combustion efficiency is plotted a g a i n s t  equivalence ra t io .  The data fo r  
a simple injector and a shrouded injector are shown.  The t e s t s  were 
bench-scale tests  taken  in  sectors .of complete  engines. The pressure, 
velocity, and temperature  conditions are ahown i n  the figure. 

The s i q l e  inJector system consisted of a spray bar with  fuel  
issuing  out normal t o  the aiystream. The efficiency of the simple injector 
was poor  and f e l l  o f f  very  rapidly at the lean  equivalence  ratios; however, 
it improved t o  nearly 100 percent w i t h  the addition of a fuel-controlling 
shroud  around the  spray bar. The proper fuel-air  mixture w a s  generated 
w i t h i n  the shroud, since the penetration of the f u e l  jet was controlled. 
The size of the air  openings  allowed the proper amount of air t o  enter. 
The f u e l  mixture was usually  richer  than  stoichiometric, which is 
desirable  for hydrogen fuel.  The mixture w a s  at a lower velocity  than 
previously s o  that the flame  could s tab i l ize  more securely. Small tabs 
were sometimes put on the end of the shrouds t o  improve the mixing 
processes. 

The use of these shrouds on a full-scale engine was invest igated  in  
the  Lewis 10- by 10-foot  supersonic wind tunnel at a simulated Mach 
nuniber of 3 and  an al t i tude of 71,000 feet. The stagnation  temperature 
w a s  not simulated for this flight condition,  since the f a c i l i t y  w a s  
lFmited t o  an in l e t  temperature of 665O R, which is considerably lower 
than  actual flight operation. The engine was 16 inches i n  diameter and 
had a fixed-mea  inlet  and exhaust. The conibustor length from the point 
of fue l   i n j ec t ion   t o  the exhaust-nozzle throat w a s  3 feet. Hydrogen 
f u e l  w a s  used in   t he  engine, which was st&ed by a spark  located at 
the   t r a i l i ng  edge of the centerbody. During ignition of the co&ustor, 
supersonic f l o w  existed in   pa r t s  of the f lameholder. As t h e   f u e l  flow 
was increased,  after  ignition,  the c0nibust.m pressure  increased and the 
terminal shocks moved forward, decreasing i n  strength u n t i l  the f low in 
the  diffuser w a s  subsonic past the throat; at th i s  point the diffuser w a s  
operatiug  critically. This point i s  the design  point of t h i s  fixed-area 
system. 

The performance of this engine w i t h  both a shrouded  and  an  unshrouded 
injector i s  shown in   f igure  12, where combustion efficiency is plotted 
against  equivalence  ratio. The efficiencies were low for the  unshrouded 
injector and did not  exceed 80 percent, even at the  design  point. Lean 
blowout occurred a t  a equivalence r a t i o  of 0.25. hr t t ing  a shroud 
around the injector, similar t o  the one shown i n  figure 11, controlled 
the  penetration of the fuel and generated a more desirable combustion 
environment downstream of this  f lameholder injector.   In  the  actual 
engine, the shrouds were tabbed t o  increase m i x i n g .  The ingector details 
shown i n  figure 12 are highly schematic. The use of the shroud gave 
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much  more s t a b l e   q e r a t i o n  over the  entire.  equivalence.-ratio band. . No 
serious f h e  instab. i l i ty  was observed. A t  c r i t i c a l -  f l o w -  conditio,m, 
the degign- point f o r  t he -  engLne, - combustion efficiency WBB near 95. per- $ 
cent. Theclow conibustion eff ic iency  in   the.  k k e r  region; was: .not  too . 
serious,   since  this engine is designed t o  operate.  oily  over the' range of 
equivalence r a t i o  f r a p  &out 0.3 t o  0.5. ; 

" 

. . 

So far the app1icatio.n of hydrogen'fuel  to fa i r ly  conventional 
engine and combustors  systems has  been  discussed. The high reac t iv i ty  
of the hydrogen f u e L ( a n d  the re fqe .  I t s  abtii ty t o  burn in -  shorkco&us- 
tors)  also  provides  the  opportunity t o  t r y  more novel  ideas. If the - 

engine  length is to.  b.e r,educed, the diff.Ger, ::the-.eonibu&or, and the 
exhaust  nozzle m u s t  be shortened..  This  shortening "can be"aone by building 
small engines and then'  increasing  the thrust by merely stacking  these 
independent  engines. Because -of the small scak"of each  -iidependent  unit, . 

the  diffuser and the  exhaust  nozzle w k l l  be short. The idea is not 
particularly  original,  but. hyllrogen fuel makes it prac t ica l  88 it can 
burn i n  small spaces. Also,  f t  can  be &ea to cool  the-Tbner $ass&ss"" 
that are  necessarily  introduced i n  scaling by  multiplicity. The advan- 
tages of the system are short  .length, the abi l i ty   to   scale-   by  mult ipl ic i ty ,  
t he   f l ex ib i l i t y  of the .engine.  design, and the   f l ex ib i l i t y  of instal la t ion.  
Also, since simple tes t ing facilities can be used because of the small 
s ize  of these  units,. the. de.velopment time may be  reduced. Figure 13 
i l lustrates   several  af -these  stacked  units. 
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Some coaibustion.  pe'eormance :has already  been obtafDed on, :these units. 
One of the single .elemen-t;s was rup i n  a 'small connected-plpe f a c i l i t y ,  
and the results are shown i n . f i g p . . 1 4 .  A 'eonibustion efficiency of about 
90 percent was obteined:at a pressure of ?L/2, atmosphere, an inlet   velocity 

of 220 feet   per second, and an in l e t  temperature of 80' F i n  a. %inch 
conibustion chamber. The spacing.be%een the combustor w a l l s  o C t h i s  two- 
dimensional uni t  fs only 1 inch. Thfs means tha t  :a total ramjet-engine 
lengkh of 5 f e e k 5 s  becoming more'.rea+tic. The :actual final engine 
may not look like the  sketch, but hydrogen f u e l  could make a similar 
engine design possible. 
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I n  summary, if the  efterburner cr ramjet is designed t o  operate at 
mild combustor conditions, a sinsple injector f Lameholder Elhould give 
adequate performance. As the  conditions of operation become more severe, 
such as shorter  lengths o r  lower pressures, more care must be  exercised 
i n  the  design of the combustor. Finally, some recent work shows that 
because of the  higher  reactivity of hydrogen f u e l  new engine  designs €LE 
becoming more feasible.  
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Figure 1. - Sbnplif led model of flame spreading. p&U0 = p&Uf; 
y-UoW LUf; L = 1 foot f o r  Y = 0.05 f t ;  Uo, 200 feet  per second; 
Uf, 10 feet per second. 
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Figure 2. - Fuel-air m i x i n g  by molecular diffusion. Velocity; 400 feet 
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per second; I,, 1 foot; t&per&wft 9 00 F; pressure, 1/4 atmosphere. d 
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Figure 3. - Effect of large-scale disturbances. 
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Figure 4. - Typical combustion with hydrogen. 
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Figure 5. - Spontaneous  ignition  temperature of hgdrogen. Afterburner 
length, 145 to lfjg inches;  velocity, 200 to 800 feet  per  second. 1 1 
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Figure 7. - Effect of blunt  centerbody on afterburner  performance. 
Fuel, hydrogen; inlet  temperature,  l22Oo to 1520° F. 

90 - 

80 - 24 
COMB. Qf 

EFF., % J P - 4  0.42 ATM 
70 - 

60 - 

50 - 
L I  

2 .3 .4 .5 .6 .I .8 .9 I .O 
AFTERBURNER  EQUIVALENCE  RATIO 
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Figure 9. - Comparison of two ramJet configurations w i t h  different 
injector diameters and or i f ice  demities. Burner length, 18 inches; 
i n l e t  temperature, S O o  F; inlet   velocity,  250 to 400 f e e t  per 
second; W e t  pressure, 0.2 t o  0.35 atmosphere. 
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Figure 10. - Effect of burner pressure and length on performance of 
16-inch ramjet. Equivalence ratio, 0.6. 
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By E. W i l l i a m  Conrad  and Lester C .  Comington 

lntroduction 

A number  of exper-tal investigations have been  conducted at the 
Lewis laboratory in which hydrogen has been burned Sn primary cambustors 
of turbojet  engines. The first objective was  t o  determine m d i a t e l y  
what performance gains and operatFng problems would occw when t h i s  fuel 
was substituted  for  conventional  turbojet  fuels Fa prcduction  turbojet 
engjnes. A second objective was t o  learn how to  exploit  the  superior 
conibustion properties of hydrogen in order t o  make the canbustors  shorter 
and thue  reduce  engine  weight. Most of the  research in connection  with 
shorter combustors was done in conibustion r igs;  however, the  results are  
presented only for   the  f e w  mst promising configurations which were mal- - uated in current  turbojet engfnes under altitude  operating  conditions. 

This paper  presents the results obtained from experimmtal work 
toward both obJectives.  Turbojet  engines  with the production or special  
conkmstors w e e  operated with hydrogen f u e l  in a l t i t ude   t e s t  chmfbers . 
Altitude was increased until either an engine Ifmitatim o r  a f a c i l i t y  
l imitation was reached.  For corfrparison purposes the engines  with the 
productim conibustors were also operated wtth 3p-4 fuel. 

s 

Performance of Production Cmibustors in Engines 

Ln determining  the performance gains and operating problems associ- 
ated  with  production  turbojet engines, no modifications w e r e  made t o  the 
production  engines other than c-es Fa the fuel   injectors  and the ex- 
ternal fuel systems. However, in one case  a  cooled  turbine was used. 
I n  a l l  cases the hydrogen fue l  used was gaseous at about room temperature' 
and was injected at low pressure. I 

Engine A. - Figure 1 shows some of the colnbustian results obtahed: 
with engtae A, an engine in the 10,000-pound-thrust class with cannular 

the fuel   in jectors  were  removed  and replaced by open tubes that Fnjected 
the hydrogen in  a downstream axial direction. The combustion efficiency 
appears rather low, but it .should  be  noted tha t  the operating  conditions 

- conibustors  and a compressor pressure  ratio of about 8.5. In t h i s  engine, 



were rather  severe, corresponding t o  altitudes from 78,000 t o  89,000 
feet at a flight Mach number of 0.8. No cc&ustar  blowouts were experi- 
enced at the lowest combustor pressures  available  with the t e s t   f a c i l i t y ,  
appraximstely 500 pounds per  square  foot . Additional  information on 
tests with hydrogen in this .engine is presented in reference 1. 

Engine B . - Cornbust ion  efficiency  data for e n g ~ e  B, an engine in 
the 7500-pound-thrust class  with an annular vaporizing ccsnbustor end a 
compressor pressure  ratio of about 7, m e  presented in figure 2. During 
operation  with  conventional fuels, the fuel enters the vaporization  tubes 
through open fuel tubes. A small &mouzlt of air passes  through  the  vapor- 
ization tubes and mixes with the vaporizing  fuel as it flows toward the 
combustion chamber. This fuel-air  mixture is normally too r i ch  t o  burn 
until it is mixed with  additimal air in the combustion M e r .  How- 
ever, because of the extremely w i d e  f l amab i l i t y  limits of hydrogen-air 
mfxtures, it was felt  that operation  with hydrogen might  resu l t  Fn can- 
bust  ion  within  the  Vaporization  tubes and possible damage due ta over- 
heating. Consequently, f o r  i n i t i a l  operation  with hydrogen, the  inlet 
ends of the vaporization  tubes were sealed t o  prevent air  flow. The 
hydrogen f u e l  was indected through the normal fuel  tubes  without 
a l terat ion.  

The canbustion  efficiency of this configuration using bydroges is 
indicated in figure 2 by the  closed-vaporization-tube  cwve. A t  very 
l o w  combustor-inlet  pressures the combustion efficiency  using hydrogen 
was considerably  better  than that with JP-4- f i a - : ' ( n o m d  configuration), 
and at pressures  ibove about 1000 pounds per square foot. the combwtiorl 
efficiency was about the sane. Blowout occurred with JP-4 f u e l   a t  a 
combustor-inlet pressure of 700 pounds per  square  foot. 

Subsequent experience  with this engine indicated  tha.Hhe  vaporiza- 
tion tubes  could be left  open b i n g  operation with hydrogen fue l  without 
m g e  due to combustion within the tubes. The conhuskor perf ormazlce f o r  
this configuration is indicated by the  open-vaporization-tube  curve Fn 
Ngure 2 .  An appreciable  hqrovement  resulted  over most of the pressure 
range investigated. AgaFn, cambustion blotibut was not  experienced with 
hydrogen even at the minimum attainable co&ljs5ar pres'sure of 400 pounds 
per  square  foot.  Additional  information on hydrogen t e s t s  in this engine 
is contxined in  references 1 and 2. 

Engine C .  - Figure 3 presents  the  perfamame of the conibustor for  
engine C.  This engine is  in the  6000-pound-tht  class with can-type 
canibustors and a compressor pressure r a t i o  of about 5.3. A cooled tur- 
bine was Fnstalled in this engine, and liquid-hydrogen f u e l  was used as 
a heat sink t o  refrigerate  the  turbine  cooling air  (refs .  3 t o  5).  This 
permitted  turbine-Inlet gas temgeratures up t o  2500O F. Ih order to-  
operate  this engine with hydrogen, the fuel.. e j e c t o r s  were removed and 
replaced by tubes  having  the ends closed- Ssa the U s .  near  the ends 
s lot ted.  
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This engine was not  operated mer a range of altitudes  but  instead 
waa operated  over a range-of turbine-Wet gas  temperatures at a f3xed 
al t i tude.  For this reason  the data are  presented w i t h  combustion effi- 
ciency as a function of combustion temperature rise. The values of tem- 
perature rise shown axe considerably higher than those of current  engines 
and correspond to turbine-inlet temgeratures up t o  2500' F. The COI&LIS- 
t ion  efficiency is affected only a smElll mount over the en t i r e  range. 
The conbustian  efficiency of hydrogen at 60,000 feet is about the same 
88 that of Jp-4 fue l  at 50,000 f e e t .  

Altitude L i m i t s  of Production Ehgines 

Engine A .  - Because the use of hydrogen f u e l  permits  turbojet-engine 
operat  ion a t  much higher al t i tudes than has been otherwise possible, it 
is important t o  investigate other factors which may limit the operation 
of engines at these high altitudes.  Figure 4 shows the a l t i tude  opera- 
t i ona l  limits of engine A. For  reasons  of s m l i f i c a t i o n ,  the f l i g h t  
Mach number is constant at 0.8 f o r  a l l  altitudes shown. 

The minimum engine speed at high altitude is defined by the inter - 
section of the steady-state  operating line with the compressor stall l i ne .  
As a l t i tude  is increased, the stal l  limit line is lowered because of Rem- 
olds numker effects, and, consequently, the intersection  occurs a t  pro- 
gressively higher speeaS. The stall  limit line shown in figure 4 Fndi- 
cates the limits imposed  by these steady-state  intersections. The engine 
cannot be operated at lower speeds than FnCicated by this s t a l l  limit 
l i n e  without  encountering comgressor stall. This line is substantially 
kdependent of the fue l  used. 

With a variable-area jet nozzle no high-speed limit other than rated 
mechanical  speed was e n c m t e r e d  up t o  the altitude limits inrposed by the 
f a c u i t y .  However, these data represent operation under ICAO (kt-- 
tional  Civil  Aviation  Organization)  standard  altitude  conditions, and it 
is possible that a high corrected-speed stall  limit might be encountered 
under very low Wet air t a p e r a t w e  conditions. 

If the  engine had a fixcd-area jet nozzle  sized for l imiting tager- 
ature at l o w  al t i tude,  a high-speed limit w o u l d  be m o s e d  by the limit- 
ing turbine-outlet  temperature. As the altitude  increased, the engFne 
speed would have t o  be reduced as indicated by the temgerature limit 
l ines  in figure 4 in order t o  avoid excessive turbFne teqeratures. The 
thrust  would drop correspondingly. The engine  speed l imitation using 
the same size  nozzle is less severe with bydrogen fuel. This is prima- 
rily due t o  the change in the thermodynamic properties of the products 
of combustion when hydrogen is used. The specif ic  heat of the turbine 
working f l u i d  is higher wlt_h hydrogen fuel,   result ing i n  a lower turbine 
t qe ra tu re  ra t io .  The turbine pressure ratio is therefore Lower, and 



the  turbine-outlet  pressure is higher. This higher pressure in the tail- 
pipe cm  force more maas flow through  a  fixed-size  -exhaust  nozzle, and 
therefore  engine  speed can be  increased.  Several  other  considerations 
also enter  into this sh i f t  i n  the temperature limit curve when hydrogen 
is used instead of Jp-4 fuel,  but their effects  are minor. 

The shaded area Of f igure 4 indicates Et region ofhnazginal burning 
with JP-4- fuel. Operation h~ this region respired careful t h ro t t l e  ma- 
nipulation, and  random blowouts occurred  despite  the  care  used. The JP-4 
fuel  combustim.limit  line  indicates  alt5itudes above  which combustion 
was never  sustained. In  view  of this   area of marginal operation,  the 
maximum practical  operating  altitude  for this engine with JP-4 fue l  is 
considered t o  be  about 62,000 f ee t .  Ln contrast, the co&ustion of hy- 
drogen was stable up t o  the facil i ty-l imited  alt i tude of 89,000 feet, 
and blowouts did not occur even during compressor surge. 

Ehgine B.  - A similar a l t i tude- lh i t -p ic ture   for  engine B is pre- 
sented in figure 5. These data are presented  primarily t o  show the ty-p- 
ica l   var ia t ion  which may be  expected from one engine to another. The 
limits in this case are s l igh t ly  more restricted  than  those  for engine A .  
The stall-limited speed i s  appreciably  higher, the temperature-limited 
speed is appreciably lower, and the Jp-4 fue l  conibustion limit is slight- 
l y  Lower. Here, again,  the combue.tian of hydrogen was always atable, and 
severe  transients such as compressor surge did not cause conibustor 
blowout. 

Even i f  t he   f ac i l i t y  had not limited the maximum a l t i tude   to  about 
89,000 feet, a turbine  l imitation would have appeared at slightly  higher 
altitude. This l imitation is i l l u s t r a t e d   f o r  engine B in figure 6, in 
which the turbine-outlet  axial Mach  number is shown as a function of 
a l t i tude .  The limiting-loading  line is indicative of the maximum work 
per pound  of working f lu id  that the turb jne   cm produce. This condition 
occurs when the axial comgonent of the velocity of the gas leaving  the 
last stage  rotor  blade passages reaches a Ma&. nmiber of 1. For the 
geometry of this  particulax engine the axial Mach number in the annulus 
just downstream of the   tu rbhk  is about 0.77 when this condition  occurs, 
and in figure 6 the limiting-lmding line is shown a t  this Mach number. 
When this Mach number is reached, further increases ja the turbine pres- 
sure   ra t io  produce no increase in  turbine work per pound of working f lu id .  

For operation at rated speed and t e q e r a t u r e  with JP-4 fuel ,  the 
turbine-outlet Mach number incremes Wth a l t i tude  because of reduction 
in compressor and turbine  efficiency.  Limiting-loading was not reached 
became cordbustor blowart occurred a t  about 77,000 f ee t .  Had connbustion 
continued, it appears p robd le  that limiting-loading would have been 
reached a t  about 79,000 feet. 
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When hydrogen is wed instead of JP-4 fuel, the  turbine-outlet Mach 
nuniber a t  a given a l t i tude  is lower. This is principally due t o  the 
change in  thermodynamic properties of the turbine work- f l u i d  when the 
fuels   are  changed. For operat ion at a  given al t i tude,  the turbine work 
and, hence, the gas velocity in  the turblne are  common for operation with 
both fuels if the  difference in fue l  weight i s  ignored. Because the gas 
constant and,  hence, the sonic  velocity are higher for the products of 
colnbustion of hydrogen, the Mach number level  is reduced. An extrapola- 
t ion  of the  curve for  hydrogen indicates  that  limiting-loadin@; would. 
probably  occur a t  an a l t i tude  of about 89, OOO f ee t .  

The data thus far presented show that the substi tution of hydrogen 
f o r  JP-4 fuel in production  turbo  jet  engines allows operation at con- 
siderably higher d t i t u d e s  . The operating limits of two current  engines 
operating on hydrogen are Shawn. The thrust, specif ic  fuel consuuption, 
and an analysis of cwqonent  performance losses at extreme al t i tude  axe 
given in references 1 and 2. 

Performance of Short Conibustors in Engines 

Because of the high reac t iv i ty  of hydrogen, it appeaxed that engine 
conibustors could be made  much shorter  for a given  application, and thereby 
a significant weight saving could be made with no sac r i f i ce  in c d u s t o r  
performance. The first approach in this direction is i l lus t ra ted  in fig- 
ure 7. This configuration w a s  first made up in the f o m  of a  one-quarter 
segment of an annular canbustor f o r  duct t e s t s  (ref. 6) .  Because  of the 
high react ivi ty  of hydrogen asd the short wall-quenching  distance,  the 
primary  combustian zone was made cmsiderably smaller than that fo r  con- 
ventional conibustors. The use of  &mameled w&us ensured maximum rate 
penetration of the secondary air without  adverse  effects on s t a b i l i t y  
and allowed a  shorter secondary zone or  m l x i n g  length. The fue l  was fn- 
jected under choked-flow  conditions in to  8 z ~  enclosed V - g u t t e r  from two 
circumferential  manifolds  having  a large nuItlber of drilled or i f ices .  It 
then  entered the prlma;ry caibustion zone from the trailing edges of th i s  
gutter.  

Duct t e s t s  with this ane-quaxter  segwnt ccanbustor indicated suffi- 
cient promise that  a ccazq?lete annular c-ustor w&s constructed and eval- 
uated in a turbojet  engine. The configuration in the engine and some of 
the   t es t  results axe shown in figure 8 .  The dashed l ine  indicates the 
outline of the  production conibustor l iner ,  and the so l id  l i ne  is the  out- 
l ine  of the channeled-wall short combustor. This hydrogen  combustor is 
about 40 percent  shorter than the  production  cmibustor, and the  c&ustor 
volume i s  about 50 percent  smaller.  Ignition was obtained by a single 
spark plug downstream of the  fuel-injection gut-. 



The results of Etltitude chamber tests with this canbustor in m,en- 
gine ( f ig .  8) indicate that the conbustion  efficiency was almost sdenti- 
tal with the best-results obtained d t h  pr-6ductim  co&ustors. In addi- 
t ion,  the s t a b i l i t y  was good h. that blowout ,yas. never  encountered even 
during cmrpressor surge. at the lowest comburjt? ,pressures. C-lete in- 
formation on engine tests with this collibiktor is contained in reference 7.  

"Flower-pot" canbustor. - Because of the encouraging .results  obtained 

c 

" 

I 

w i t h  the channeled-wall short  combustor, more.drast ic ;meas~es were taken 
to   cap i ta l ize  further on the  excellent reactivity'char~tefristics 09 w- 
drogen -1. The method used. is i l l u s t r a t ed  in f i g u r e - . 9  .: In the conven- 
t iona l  combustor (upper part, f i g .  9), the primary combu&tion  zone is in . 
the form of a single large volume. With this 'large c o l d  'of hot .  gas 
leaving the primwy zone, considerable  length i s  required f o r  the second- 
ary air tu penetrate t o  the center and t o  ' m i x  afiequately. 

"" * 

Relying heavily on the Ugh react ivi ty  and short wall-qumching dis- 
tances of hydrogen, the s ize  .of the  primary zone was greatly reduced, and 
a multiplicity of primary  zones w s s  employed.. With the smaller primary 
zones  (lower part, f ig .  9 1 ,  less radial .penetrat.ion . i s  required behind a 
glven element-;  hence, it shauld be. p6ss:ibSe"foi the ''$ec&dhryjlength t o  
be  considerably  shorter. . .  . .  

Work was done Fn a smal l  duct  setup t o  evolve  suitable geometPy f o r  - 
small codbustor  elements, and one of the most promising cqnfigurations is 
illustrated i n  figure 10. For  obvious  peasans t.his codfguration .was. 

called the flower-pot combustor. The f u e l  is injected at s%fc veloc- & 

i t y  near the w a l l  almost t angent id ly  bu-t aim%d slightly upst&m. mi- 
mary air enters t-gh an or i f ice  Fn the  upstream  end. Tkie vortex  path 
of the f u e l  provides a high shear area between the fuel and. air ahd also 
results Fp a high residence time for   t he   fue l  and air t o  m i x  and mkct 
w i t h i n  the primary zone. mnall V-gutters  atta-ched t o  the downstream end 
of the flower pot p r w t e  spreading of the hot  gases and &ing with the 
second- a i r .  

" 

. .  

Duct t e s t s  were conducted with an array of 10 flower  pots in .a one- 
quarter segment of  EL^ 8MuLus. With a combustor Length of 12 echee,  an 
inlet reference air  velocity of ll5 feet per second, asd 8 pressure uf 
420  pounds per square foot,  the colnbustim efficiency was 93 percen-C. 
Because t h i s  performance was appreciably  better than that of any of the 
previous combustors that had been tes ted in  ines, a f u l l  assembly w&8 
fabricated and installed in an engine (f ig .  "f l l  . The wer-all length of 
this.. conbustor from the upstream end of the flower  pots  to the turbine 
stator w a ~  about, .$ inches. Three rows of flower pots were used, with 

three   Wferent   s izes  t o  keep the secondary air spaces between them of 
a more or l e s s  unsPomn size. After a prelwiaary run, qstream screens 
and a single ann- V-gutter new the o-h& -"irere- addea t o  improve 
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the turbine  temperature  profiles . In the m e r  two row8 of flower  pots, 
the fuel was injected  tangentially from one orffice,  while in  the outer 
row, two orif ices  on opposite sides of the flower pots were used. Iai- 
t im  w&s obtained from a-slngle   spark ~1%. 

The ,pSrformance .af this configuration is &dica*d by the data points 
in fi'gure 12.  Data were obtained at only one pressure  level f o r  reasons 
that w i l l  be discussed later. At this  pressure  level  the combustion effi- 
ciency campares favorably  wlth the best previous results with hydrogen, 
and was about 5 percent  better  than that w i t h  JP-4 fuel in the production 
combustor (see f i g .  2) .. . The  copPbustor total-pressure drop w a s  about 2 
percent, less than half that of the production c d u s t o r .  In addition, 
the weight of t h i s  ccaribustor was less than half that of the  production 
coribustor liner f o r  this a g i n e .  

Although the efficiency of this .very short conibustar appeared satis- 
factory, '  the turbine-inlet  temperatee profi les  were poor, and,  conse- 
quently,  the performance evaluation was r e s t r i c t e d   t o  the data polnts 
shown. Figure  13 shows typical  profiles  obtained. Radial prof i les  
are shown at five  different  circumferential   posit ions.  Although the aver- 
age radial temprature prof i le  shown by the broken curve is sat isfactory 
for safe operatLon of the turbine rokor, l o c a l  gradients of several hun- 
dred  degrees  per  inch are not considered  suitable  for the s ta tors .  Addi- 
t iona l  work is required  to. achieve more uniform temperature patterns. 
This additional work will be &one with a complete ful l -scale  assercibly in 
a codustion  duct.  . T h e  approach will be t o  &e more and smaller flower 
pots  spaced more closely  together. The V-gutters will be eliminated be- 
cause of the close  spacing of the flower pots. 

For many reamns it is desirable that a cambustor  developed espe- 
c i a l ly  t o  operate on hydrogen also be capable of satisfactory  operation 
on hydrocarbon fuels, p&icuJ+rly at  low a l t i tude .  The performance of 
the axray of 10 flower-pot d e n t s  was investigated in a codust ion 
duct  using propane f u e l  t o  s " L e  vgporized hydrocarbon fuels ( f i g  . 
14). The ccuibustion efficiency . w a s  very  satisfactory at  the pressure 
l eve l  of 2100 pounds per squizre "foot (about 55, OqO ?$ a l t i tude  at Mach 
number 0.8) and' was only a small amount low& than that f o r  JP-4 f u e l  
Fn the  production conibus'tor at the  pressure  level of 1050 pounds per 
square foo t  (about 70, OOO , r t  alt i tGde at Msch riser 0.8). 

Concluding Remarks 

The use of hydrogen in  production  engines has allowed aperation at 
considerably higher alt i tudes  than were possible  with JP-4 fue l .  A t  the  
maximum alt i tude  possible with the  f 'aci l i ty ,  89,000 f e e t  at a Mach num- 
ber of 0.8 , no combustion l imi t  was reached. MFninnun engine speed was 
res t r ic ted  by campressor stall, and maximum speed was r e s t r i c t ed  by 



turbine teqerature in the case of fixed-  jet-nozzle-area  engines and only 
by rated mechasical  speed in the case of variable-ma-nozzle  engines. 

I 

Turbine temperature profiles  with  prcfhqtion engines using hydxogen 
were almost identical  to  those  obtained  using JP-4 fuel. Altitude star t -  
ing l imits  were not  determined with hydrogen; h m e r ,  many air starts 
were made at  altitudes between 45,000 and 55,000 feet, and alJ. were ex- 
ceptionally smooth and coal. Ccsnbustor blowout w a s  not encountered  with 
hydrogen,  even during compressor surge at an a l t i tude  of 80,000 feet. 

The superior conibustion properties of hydrogen have been exploited 
t o  achieve a cnmgletely sat isfactory canbustor 40 percent  shorter  than 
the production  unit.  Further  shortenhg  to gs over-all length of about 
% inches has been also satisfactory with respec t   to  c&ustion, but work 
is s t i l l  required  to  obtain  sstisfactory  turbine-inlet  temperature 
distribution. - 

1 ."  . . 
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Figure 3. - Performance  of production  can-type combustors with hydrogen 
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4. FLTELING PROBUMS WITH LIQUID HYDROGEN 

By Glen Hennings, William H. Rme, and Harold H. Christenson 

Introduction 

Hydrogen i s  not a newcomer to   aviat ion.  Its l i gh t  weight and high 
flammability have both  plagued and tantalized  the  industry from the 
beginning.  People concerned w i t h  l ighter-than-air   craft  are interested 
i n  It because of' its l igh t  weight but  are precluded from using it be- 
cause of i ts  fJ-ammability. Those concerned with conibustion engines me 
in te res ted   in  it because of i t s  htgh  flammability  but have been deterred 
from using it because of i t s  low density. A par t ia l   so lu t ion   to   the  
density problem has come about through the  use of modern low-temperature 
kechnology. Liquefying hydrogen increases i t s  density by a factor of 

be  liquefied. The HACA Lewis laboratory has used l iquid hydrogen as a 
f u e l  f o r  full-scale  turbojet  engines f o r  the  past  year and a half; over 

8 about 900; and by presest-day  processes  lmge  quantities of hydrogen c8n 

I 20 tons have  been  produced f o r  these programs. 

This  paper is primarily concerned with  the ground-handling  problems 
associated w i t h  the use of l i qu id  hydrogen as an a i r c ra f t  f u e l .  The 
discussion is divided  into  four  parts: (1) the  significance of the 
physical and thermodynamic properties of hydrogen, (2) materials and 
methods of construction for liquid-hydrogen equipment, (3) eafety, and 
(4) a i r c ra f t  f u e m  procedures. 

Physical and Thermodynamic Properties 

Some of the  problems associated  with the handling of l iquid hydrogen 
can be  a t t r ibuted  to   the unique physical  properties of t he   f l u id   l i s t ed  
in the  following table: 
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Property 

Boiling point, OR 
Liquid  density,  lb/cu f t  
Liquid head ( f o r  10 p s i ) ,   f t  
Viscosity,  centipoise 

Hydrogen Other 

37 

JP-4, 29.5 325 
Jp-4, 48.7 4.4%- 

02, 163 

Liquid, 0.0139 JF-4, 1.70 a t  G O o  B 
at 37O R air, 0.0165 at 460° R 

The boiling  point of hydrogen is 37' R, compared with 163O R fo r  oxygen. 
A t  the boiling  point of hydrogen, all o the r  materials except helium w i l l  
be  solids. This means that contaminants in the  liquid-hydrogen system 
would tend to  freeze  out and plug small flow passages. 

The density of liquid hydrogen i s  4.42  pounds per  cubic foot, or  
about  one-tenth that of JP-4. Consequently, W g e  tanks  are  required t o  
hold l i qu id  hydrogen. Another consequence of this low density i s  that 
a 325-foot column of l i q u i d  hydrogen.will produce a pressure of 10 
pounds per  square  inch. This compares with a column of 29.5 f ee t  f o r  
Jp-4. For pumps, the  discharge pSessure  expressea i n   f e e t  of l i qu id  
head is a major parameter. Liquid-hydrogexipumps require Large power 
inputs because the pump power is  equal to  the product of the  discharge . 
head and the  weight-flow rate. For centrifugal pumps, very high 
rotat ional  speeds o r  multiple  staging is-&-ces-i- to-  achieve  reasonable 
discharge  pressures. v -  

The viscosity of hydrogen i s  very low.  The l iquid  viscosity  ie two 
orders of magnitude l o w e r  tb&n that of JP-4 and about the same as that 
of air. For applications  in which viscosity  aids in sealing  (in  gear 
pumps, e.g.), l i qu id  hydrogen would be  VerY-dfFficult to   sea l .  

Mot only the physical  properties  but a lso the thermodynamic proper- 
ties of hydrogen f a l l  outside  the range of common engineering  experience. 
One of the most important thermodyaamic properties of the hydrogen 
molecule i s  that it can exis t  in ei ther  of two energy states; namely, 
the ortho or  p~hra. The physical  dlfference between the two s t a t e s  I s  
i l lus t ra ted  by figure 1. Each molecule has two atoms, and the nuclei of 
atoms are represented by the  spheres. For ortho hydrogen, the  nuclei 
ro ta te   in   the  same direction about the common axis; for pza, the  nuclei 
rotate  i n  opposite  directions. 

The equilibrium  ratio of ortho t o   p g a  h@rogen is  determined by the 
... absolute  temperature, 8s shown in   f igure .  2, where equilibrium para 

content is plotted as a function of absolute  temperature i n  OR. A t  room 
temperatuse the  equilibrium composition is 75 percent ortho tand 25 
percent  para. As temperature is decreased, the  equilibrium composition * 

" 
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shifts toward higher - para  content and becomes substantially 100 percent 
para hydrogen a t  the  boiling  point. Now,  when normal room-temperature 
hydrogen gas i s  liquefied, the l iquefact ion  ra te  is  so high that   there  
i s  hardly any time f o r  conversion from or tho  t o  para, hydrogen. The 
r e su l t  i s  l iquid hydrogen with  an  actual ;para content of 25 percent and 
an  equilibrium  para  content of 100 percent. The way the  excess  ortho 
i s  converted t o  para hydrogen is shown by the  r ight   s ide of f igure 2.  
According to t h i s  schedule, 10 days are required t o  change from 25 t o  
75 percent  para, 40 days t o  change t o  92 percent para, and a year t o  
reach 99 percent  para. Thus, equilibrium i s  very slow t o  be  established. 

Unfortunately, 300 B t u  are released  for each pound of ortho con- 

- 

verted  to  para,hydrogen, enough heat t o  vaporize  1.5 pounds of l iqu id .  
The implications of such a large  heat  release  are obvious  with  respect 
t o  storing  l iquid hydrogen. FFgure 3 shows the  storage  losses  that 
would be incurred w i t h  l iquid hydrogen begjbninn  immediately after 
liquefaction. A perfect  storage vessel (zero heat leak)  vented t o  the 
atmosphere is assumed. A t  f i r s t  the  vessel  i s  f u l l ,  and the para 
content i s  25 percent. Because  of the heat released by converting from 
ortho t o  Para hydrogen, after 5  days only 43 percent of the l iquid 
remains,  and the para content has increased from 25 t o  62 percent. 

From the  storage  si tuation j u s t  discussed, it i s  obvious that high 
para  content is very desirable; but  how can it be produced?  Actually, 
this problem has been  solved.  Catalysts  are  available  that can bring 
about  almost  instantaneous  conversion from ortho t o  para hydrogen. 
Such catalysts  can be  instal led in  the  l iquefaction plant, and the  
l iquefier  w i l l  then  deliver  the  high-percentage  para hydrogen. One more 
consideration  remains. When the  hydrogen i s  converted at the  l iquefier,  
it still releases the large h a t  of conversion; therefore,   the  l iquefier 
must be designed  with the additional  refrigeration  capacity  necessary  to 
handle the  large  heat load. 

The specific heats of hydrogen.gas are a l so  functions of the  ortho 
and para states. Specific heat at  constant  pressure "p and the r a t i o  
of specific heats y are p lo t t ed   i n  figure 4 for hydrogen gas  at  a 
pressure of 1 atmosphere. The % values of ortho and para hydrogen 
vary substantially between 80° and 700° R. For ortho hydrogen, % 
increases  gradually  with  temperature; and f o r  para hydrogen, % 
increases  rapid'ly  to a m a x i m u m  a t  about 300' R and then  decreases  to the 
value f o r  ortho hydrogen at about 700° R. Since normal hydrogen contains 
75 percent  ortho hydrogen by  definition, i t s  value of cp  more closely 

approximates that of the ortho  curve. The curve at the bottom of the 
f igure is  the y value f o r  normal hydrogen gas. A t  room temperature, 
y is  1.4; and a t  the normal boiling  point,  it is nearly 1.8. Typical 

- 



examples of equipment that depends on these  properties of hydrogen are  
(1) heat exchangers, where cp i s  a primary variable, and ( 2 )  orifice- 
type  flowmeters, where r is an important  parameter. 

The thermal conductivities of ortho and para hydrogen also  dlffer ;  
it i s  this   dif ference in thermal  conductivity upon which ortho-para 
analyzers are based. 

- 

The inf'ormation presented shows that  the  thermal  propertles of' 
hydrogen v a q  substantially between room temperature and the normal 
boiling  point. However, these data are fo r  a pressure of 1 atmosphere. 
If pressure is varied,  the  properties w i l l  undergo the u s u a l  changes 
associated  with  pressure, and the rate of change of the  properties wfll 
become very severe in the range of the   c r i t i ca l   po in t .  The c r i t i c a l  
pressure i s  190 pounds per  square  inch  absolute, and the   c r i t i ca l  
temperature is 60' R. 

Materials and Construction of Equipment 

The properties of hydrogen tha t  have been discussed  affect  the kind 
of materials and equipment with which it can  be handled. Gaseous 
hydrogen a t  ambient temperature has been  handled  conugercially f o r  many 
yews; and, except f o r  i ts  great tendency t o  diffuse through  porous 
materials, it presents no unusual  problems. . Only the low-temperature 
gas and the  l iquid  require  special   at tention. As temperature i s  lowered, 
the  strength of most materials increases,  but some become so b r i t t l e   a t  
low temperature that they have no practical  application. 

For example, three metal6 are  examined a t  low temperature. The metals 
chosen are  a copper, an aluminum alloy, and a stainless s teel .  Figure 5 
shows the  effect  of temperature on yield  strength f o r  the three  metals. 
The yield strength of annealed copper is almost -ependent of temgerature. 
For both the 2024-T3  aluminum alloy and the 347 stainlesa  steel ,   the 
yield strength increases  about 30 percent as the temperature is reduced 
from room temperature t o  liquid-hydrogen  temperature.  Since impact 
strength i s  a measure of br i t t leness ,   the   effect  of low temperature on 
this   s t rength i s  considered. The same three  materials  are shown again, 
along  with two cammon s tee ls ,   in  figure 6. IIzle impact strength of both 
steels  decreases  rapidly with temperatire, and they  are not recommended 
fo r  use atliquid-hydrogen  temperature. The.impact strength for  the 
copper and the  aluminum alloy  increases  sl ightly  at   the low temperature. 
Even though the impact strength  af  the  stainless  steel  decreases  slightly 
a t   t h e  low temperature, it has far greater strength  than th-e other 
materials presented. 

The annealed 
s t ee l   a r e  more or  

capper, the 2024-T3 aluminum, and the 347 stainless  
less  representative of three  classes of material. Aa c 
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a  general  rule, copper, brass, aluminum and some of i ts  alloys,  mnel, 
nickel, and the  austeni t ic  o r  300-series stainless steels, a re  a l l  
sat isfactory  for  use a t  low temperature. On the other hand, 400-series 
s ta inless   s teels  and the  common s t ee l s   a r e  not recommended, because  they 
become too   b r i t t l e .  For applications that require low thermal conduc- 
t i v i ty ,  high strength, o r  weldability,  stainless steels a re  suitable. 
For special   applications  in which high thermal conductivity is required 
( in   hea t  exchangers, e.g.), copper  and aluminum may be used. 

P b s t i c  materials may also be usefu l  at low temperatures.  Several 
organizations have reported  plastic films that are   f lex ib le  down t o  
liquid-hydrogen  temperature.  Preliminary  investigations conducted at 
the L e w i s  laboratory indicate that Wlar film and nylon parachute  cloth 
are   qui te   f lexible  a t  liquid-mdrogen  temperature.  Teflon has been 
extensively used f o r  gaskets and valve seats a t  the low temperature. A s  
temperature i s  decreased,  Teflon  shrinks t o  a greater extent than  the 
adjacent  metal  parts;  therefare, good gasket design i s  necessary t o  
prevent  low-temperature  leaks. The compressive strength of Teflon a t  
liquid-hydrogen  temperature is  about the  same as t ha t  of aluminum at 
room temperature - about 30,000 ps i .  

A l m o s t  a l l  conventional  fabrication  techniques have  been satisfacto- 
rily used in  the cryogenic f i e ld .  Conventional  arc-welding, heliarc- 
welding, silver-soldering, and soft-soldering have a l l  been used with 
success; however, the quality of a solder  joint is often very sensit ive 
t o  solder composition.  Success in fabrication of cryogenic equipment 
depends on a skil led  fabricator,  good materials, and careful   a t tent ion 
to de ta i l .  

Ssfety 

Gaseous hydrogen has been  handled  commercially f o r  many years, and 
safe  procedures are w e l l  established. Liquid hydrogen introduces two 
new problems: (I) the  freezing out  of air i n  the l iquid and the 
consequent formation of a combustible mixture, and (2)  the exposure of 
personnel t o  very low t q e r a t u r e s .  

Three basic  principles of safety may be s ta ted briefly: 

(1) A t  l ea s t  two improbabilities  should be placed between the man 
and an accident. For -le, make a system that cannot leak and then 
put it in  an  area  with no ignition  sources. With t h i s  arrangement there 
is only a remote poss ib i l i ty   tha t   the  unexpected leak w i l l  occur at the 
same t i m e  as the unexpected ignition  source. 

(2 )  Acts of commission and omission can best be  controlled by the 
use of a well-planned check sheet. 



{ 3) There i s  no substi tute for welJ"informed, alert people. 

Fueling  Procedure 

In ground operations w i t h  l iquid hydrogen, the  follow%ng equipment 
and procedure a re  necessary: 

(1) A large primary storage  vessel is  needed. 

( 2 )  The f u e l  must be transferred from the  storage  area t o  the 
a i rpor t .  

(3) The f u e l  must be  loaded into the  a i r c ra f t  tank. 

(4) Provision must be made fo r  handling the   a i rcraf t  on the ground 
i n  the event of a delayed takeoff. 

(5) The airplane must be cared f o r  Ebfter each flighk 

The construction of three typical types of storage  tanks is shown 
in   f igure  7. The f irst  vessel i s  liquid-nitrogen-shielded and vacuum- 
jacketed. The vacuum space virtually  eliminstea. he.ak leak due t o  g a s  
conduction. The liquid-nitrogen  shield  intercepts enough of the r a d i e t  
heat so that, as t o  the  l iquid hydrogen, the outdoor  temperature is 
-320° F. This type of vessel is  expensive and d i f f i cu l t  to construct, 
but it has a very low hydrogen-losa ra te .  The second container has no b 

liquid-nitrogen  shield, and the radiant heat transfer i s  thus  higher. 
However, f o r  large  vessels w i t h  small surface-to-volume ratios,   the loss 
r a t e s  of this kind of tank are sufficiently low. The vacuum spaces i n  
these two vessels can ei ther  be empty o r  be f i l l e d  with powdered insu- 
la t ion.  Since powders, such as silica aerogel and pearl i te ,   are  
re la t ively opaque to thermal  radiation,  they  act as radiation  shields.  
The t h i r d  vessel is a conventiomlJy  insulated tank. The loss r a t e  of 
such a vesse-l is far too great f o r  a long-term storage tank. This  type 
of vessel can be  used fo r  short times, however. H e a t  leaks  into such a 
tank are  discussed in  the next paper. On the basis of the poFnts dis -  
cussed and other considerations,  the  center tank with a powder-filled 
vacuum space is the most practical   for  large-scale long-term storage. 

The next  operational  step i s  t o  move the  l iquid hydrogen from the 
storage  area t o  the  airplane.  This can be  accomplished in one of two 
ways, e i ther  by pipeline or by t r a i l e r  t r u c k .  Design atudies by the 
Bureau oFStandards  indicate that l iquid hydrogen can be piped f o r  a 
number of U e s  if the flow r a t e  is very  high 8nd the   l ine is in 
continuous  service. For small-scale  operations,  transportation of liquid . 

hydrogen in f r a i l e r s  i s  more feasible.  Such a t r a i l e r  would be similar 
in  construction t o  the  storage  tanks. 



For t ransfer  of l iquid hydrogen from one vesse l   t o  another,  special 
transfer  tubing i s  required.  This  tubing is generally vacuum-insulated. 
Figure 8 shows a cross  section  through a jo in t   fo r  such a tube, which 
consists of an inner flow tube, a vacuum space,  and an outer tube. A 
bellows i s  used t o  compensate for  differential   contraction. The unit  
can be =de f lex ib le  by  using  bellows fo r   t he   en t i r e  inner and outer 
tubes. The jo in t  shown is a bayonet  type and is  designed f o r  low heat 
leak. Thin stainless steel i s  used fo r   t he  bayonet par ts .  The l iquid 
hydrogen is prevented from circulating in the clearance  space by a close 
radial   to lerance  or   by a p a r t i a l  seal a t  point A. Therefore, the  
clearance volume i s  f i l led with stagnant gas,  and heat can leak only by 
conduction  over a long path. The posit ive seal i s  made by a conventional 
neoprene  O-ring. 

In f igure 9, liquid-hydrogen f u e l  i s  about t o  be transferred from 
t h e   f u e l  trailer t o  the aircraft w i n g  tank. The f u e l  trailer i s  in place, 
and the  vacuum-Jacketed transfer line i s  assembled. !The remote vent 
system w i l l  be  connected t o  t h e  tank vent. %e f u e l  is transferred from 
the  trailer by pressurizing  the trailer tank. The hydrogen g a s  boiled 
off in the alrcraf't tank during filling i s  carried away by the vent 
system  and discharged to   the   a tmsphere  in a remote location. Regular 
a i r c ra f t  mechanics ca r ry  out the fuel-transfer  operation. D u r i n g  the  
loading  procedure the l iquid hydrogen is filtered. In sp i t e  of m ~ t n y  
purification  steps taken during  liquefaction, crystals are found in  
the  l iquid  fuel.  Analysis of one batch of cr;ystals  that was collected 
rev'ealed that nigrogen was the principal iqurity.  The t o t a l  contami- 
nation i s  estimated t o  be only a few parts  per  million. 

The handling of the aircraft after it has been  fueled  but  before 
takeoff i s  also a problem, because, if the tanks are sealed  and no f u e l  
i s  being used, heat  leak  causes +,he tank  pressuere to build up t o  an 
excessive  value. In order  to  prevent  pressure  buildup, the tanks should 
remain  connected to the vent system u n t i l  the engines are about t o  be 
started  for  takeoff.  As soon as the  engines s t a r t  using  fuel, tank 
pressure  ceases t o  be a problem. 

Finally, how should an airplane be handled after returning from a 
f l igh t?  One proposed method  would be as follows: Because such an air- 
c ra f t  would land  with some l iqu id   fue l   in  its tanks,  for economy, the 
remaining l iqu id   fue l  would be transferred  to  storage.  Since  the tanks 
would then  contain  very  cold hydrogen g a s ,  if they were sealed off the 
pressure would rise excessively as the  tanks became w a r m e r .  If the 
tanks  are connected t o  a gas holder  instead of being  sealed, the gas 
holder w i l l  take the excess gas and w i l l  maintain  constant  positive 
pressure  in  the system. No air could leak into such a system, but 
hydrogen could leak out  and fill the   a i rcraf t   s t ructure  w i t h  a combust- 
ible  mixture. To protect  the  aircraft   against  such leaks, it can be 
force-ventilated, and the  interior of the  a i rcraf t  can be monitored with 
combustibles  detectors. 



Conclusions 

The followin@; Conclusioris can be stated: 

(1) The many peculiar  properties of hydrogen are w e l l  known and 
are  reported i n  t h e  literature. 

( 2 )  Suitable materials and fabrication methods exist-  for  using 
l iquid hydrogen, and some experience has already been gained i n  the 
construction of t h i s  type of equipment. 

(3) Liquid-hydrogen fueling procedures can be carried out by 
competent a i r c ra f t  mechanics. 

.b 

. 
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Figure 1. - Thermodynamic states of hydrogen. 
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By Solomon Weiss, Thaine. W . Reynolds, and Loren W. Acker 

Because of its low boiling  temperature,  liquid hydrogen must be , 

stored  in  an,insulated tank t o  prevent  losses.  Therefore,  people  concerned 
with  prolonged ground storage of l iqu id  hydrogen have built   several   types 
of containers employing the  insulating  quali t ies of a vacuum jacket. 
Although these tanks meet the  requirements  for  extended ground storage, 
the method of construction produces a tank  that  is too heavy t o  be con- 
sidered for a i r c ra f t  use. Fortunately,  the time during which the   a i rc raf t  
tanks require good insulating  quali t ies is relat ively  short .  During 
f l igh t ,   the   a i rc raf t  engine w i l l  consume hydrogen faster than it can be 
vaporized, even with a poorly  insulated  tank. However,  when the  airplane 
is on the ground and the  engines  are  not  operating,  heat  leak through the 
tank walls causes the hydrogen t o  vaporize;  then hydrogen must be lost 
overboard to prevent  high  tank  pressures. 

Since the problem of storage on the  aircraft  involves  factors dif-  
ferent  from those  encountered  with  protracted ground storage, a ta4c 
could be designed  with a relatively  lightweight  insulating  material. 
Tanks of the  type shown in  f igure 1 have been  investigated  experimentally 
at the NACA Lewis laboratory  in  order  to  gain  an  appreciation of some of 
the   factors  involved in  the  design of tanks  insulated  with a foamed p las t ic  
material. These tanks consist of a thin  metall ic  inner  shell  covered with 
a lightweight, low-thermal-conductivity foamed p las t ic  insulation and an 
outer  covering t o  enclose  the  insulation and protect it against a i r  
erosion. The inner-shell material, the quality of the  Insulation, the 
atmosphere surrounding the  tank  in  the  insulation space, and the  state of 
motion of the   l iquid hydrogen within  the  inner  shell were studied to 
determine their  influence on the  heat-leak performance of an external 
wingtip tank. 
. Tanks of this   type depend largely on the material surrounding  the 

shel l   for   insulat ion from heat conducted radial ly   into  the tank. However, 
as the l iquid  level  of the  tank  declines,  heat that is conducted  through 
the  insulation above the  l iquid  level  can be conducted down into the 
l iquid by the metal inner  l iner.  The importance of this conduction  by 
the   l i ne r  w a s  one of the points  investigated  with  the  simple  vessel  sham 
i n  figure 2. This  apparatus  consists of a block of Styrofoam machined 
out to  receive open-top cylinders of test materials. This assembly is 
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placed  in a stainless-steel  shell.  Heat-leak  rates are calculated  fram 
the gas boiloff  history  of  the  liquid  nitrogen  that  is  used  in  the  inner 
liner.  Llquid  levels  are  determined from thermocouples  on  the  liner walls - 
or  f r o m  gas-meter  readings.  Experiments  were  conducted  with an aluminum 
liner,  representing a high-thermal-conductivity  material,  and a stainless- 
s t ee l  liner,  representing a low-thermal-conductivity  material.  Tests 
simulating a tank  with  the  insulation  applied on the  inside  were made with 
no liner in the  Styrofoam  block. 

.. 

Results of boiloff  experiments  are.  shown in figure 3 .  A t  the  full- 
.tank  level,  there  can  be no conduction of heat along the walls of  the 
inner  liner,  sjnce the temperature  throughout  the  tank  is uniform. There- 
fore, at the  full-tank  condition,  the  thermal  conductivity of the  inner 
liner is not an important  factor. At  this  level  the  total  heat-leak  rate 
into  the  liquid  is  about 128 Btu  per  hour  for all three conditions.  This 
rate,  calculated from gas  boiloff  data, was predicted  from  the known 
heat-trsnsfer  properties of the  surrounding  insulation. 

" 

With a decline in liquid  level,  the  thermal  conductivity of the  liner 
material  influences  the  quantity of heat  conducted  into  the  liquFd,  as 
shown by the  slopes  of  the  curves.  The  heat-leak  rates f o r  the  two low- 
thermal-conduct-ivity  materials  (stainless  steel  and no liner)  decrease 
in  direct  proportion to the  decrease  in  liquid l e v e l  or wetted  area;  but 
the  heat-leak  rate f o r  the  high-thermal-conductivity  material  (aluminum) 
does not decrease as rapidly  with a lowering of liquid  level.  Because of 
the-higher conductivity of aluminum, a larger proportion  of  the  heat 
flow  through  the  insulation  above  the  liquid  level  is  conducted  along 
the  aluminum walls and down into  the  liquid  than  is  conducted by the 
lower-conductivity  materials.  The  .significance of low thermal conductivity 
declines  as  the  $&ace-to-volume  ratio  decreases. For-wingtip tanks, 
which  have long, slender  proportions and consequently  high  surface-to- 
volume ratios,  these  considerations areApo&ant. 

. 
T 

The  liner  and  insulation i n  this  apparatus  are  covered  with a metal 
shell  that  isolates  the  Styrofoam from the  surrounding  air.  Because of 
its  weight,  this  metal cover would  not  be  practicable  for a wineip tank, 
but  instead a lightweight  shell  capable of protecting the Styrofoam  from 
air  erosion would be  employed. In tank  studies  at  the  Lewis  laboratory, 
a lightweight  shell  made of resin-impregnated  Fiberglas was used.  Since 
this  structure  exhibits a relatively  high  degree of porosity,  the space 
within  the-  insulation  chamber  will  "breathe"  with  changes  in  atmospheric 
conditions. To study  characteristics ofthis kind o? tank, the  apparatus 
shown in figure 4 was  used. The essential  difference  between this rig  and 
the  one shown in  figure 2 is  that  the  outer  shell  is  made of Fiberglas 
instead  of  stainless  steel. . .. 

When  liquid hydrogen is put i n to  the.inner shel l ,  the air in the 
insulation  chamber  condenses. As air condensation.  prog?esses, the pressure - . - -- 

c - -  
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i n   t h i s  space is reduced, and more air is drawn i n  through  the porous 
outer  covering. Heat released by the condensation of air  causes a more 
rapid  vaporization of the  l iquid hydrogen in the tank. In addi t ion   to  
the  increase in  heat  leak,  this phenomenon r e su l t s   i n  an additional  tank 
w e i g h t  because of the l iquid a i r  in  the  insulation cbaniber . An al ternat ive 
to   bui lding the insulation  space vacuum-tight so t h a t  no air can enter i s  
t o  introduce  into  the chamber a gas tha t  is noncondensable at these tem- 
peratures, such as helium. 

Results of experiments made w i t h  an air  atmosphere  and with a helium 
atmosphere i n  the insulation  jacket are compared i n  figure 5. With helium 
in  the  jacket,  heat leak declines  with  liquid  level, as in similar earlier 
experiments where condensation of air  w a s  not  involved. With air in the 
jacket,: the ini t ia l   heat- leak rate is 28 percent  higher  than it is w i t h  
helium in  the jacket  because ,of the condensation of air around the outside 
of the tank. As the layer of condensed air develops, the r a t e  of fur ther  
condensation  declines and the curve of heat-leak rate approaches the helium 
curve.  Since the  thermal  conductivity of helium is much higher than that 
of air, the over-all t h e m 1  conductivity of the  insulation  increases  about 
20 percent when helium is used. Even w i t h  th i s  increase  in  conductivity, 
the  heat-leak  rate  into  the  tank w i t h  helium i n  the jacket is less than 
t h a t  w i t h  condensing air. The matter of conversion of ortho  to  para 
hydrogen w a s  not an  important factor  in  these heat-leak studies because 
of the  short  durations of these experiments. 

While the  airplane is on the  ground,- the loss of hydrogen  gas due 
t o  heat leak  into the l iqu id  can be avoided if the  tank is b u i l t   t o  with- 
stand  increases  in  pressure. It is then  possible t o  keep the tank  outlet  
closed  unti l   heat  leak  into  the tank has raised the  internal  pressure 
t o  the design limit of the tank. A t  this time  gaseous hydrogen must be 
bled  off from the tank  to   res tore   the  pressure  to   safe   values .  In flight, 
a l l  or  most  of this  gas is used by the engines and consti tutes no w-aste. 
However,  when the  airplane is on the ground, this gaseous  hydrogen is 
l o s t  overboard, result ing i n  decreased  airplane  range. The time elapsed 
between t ank   f i l l i ng  and the first venting off of gaseous  hydrogen is 
the  so-called "no-loss" time for  the  tank. For airplane ground operations, 
it is obviously  desirable t o  have this no-loss t i m e  as long  as possible. 

In this connection it is  useful to review b r i e f l y  what happens i n  
a tank f i l l ed  w i t h  l iquid hydrogen in  which the tank valve has been  closed. 
A curve of the  equilibrium vapor pressure and  temperature fo r   l i qu id  
hydrogen is shown in   f igure  6. Assume that a tank contains  liquid hydrogen 
a t  a temperature of 36.5O R and, theref ore, a pressure of 14.7 pounds per 
square  inch  absolute. If the  tank is closed s o  that no g a s  escapes, 

heat  by the l i qu id   t o  raise its temperature and consequently it 6 vapor 
pressure. The curve (fig.  6) indicates that f o r  each  temperature there 

I heat  leaking  into  the  liquid  through the insulation is absorbed  as sensible 

c is a corresponding pressure. For example, if the liqpid temperature 
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increases from 36.5O t o  42.5O R, the vapor pressure of the  l iquid should 
increase from 14.7 t o  about 35 pounds per  square  inch  absolute. With 
t h i s  information and the measured heat  leak  into  the  tank, it is possible - 
to   ca lcu la te  a pressure-time  history  for the tank. 

The pressure rise in  a wingtip  aircraft  tank f i l led with  liquid 
hydrogen was studied under conditions  simulating an airplane  waiting  to 
take off. The resu l t s   ( f ig .  7)  show a w i d e  departure  from  the  calculated 
pressure rise. In order t o  determine the reason f o r  this discrepancy, 
liquid-hydrogen  temperatures were measured a t  various levels within a 
tank. One temperature  profile is shown i n   t h e  lower par t  of figure 8. 
The tank was f i l l e d  to approximately the 7.5-inch level,  and the vent  valve 
w a s  closed. Heat leaking  into  the-liquid caused i ts  temperature t o   r i s e .  
The corresponding rise i n  pressure is shown in   the  upper part of figure 
8. According to  calculations  based on heat-transfer  properties,  the 
pressure  should have r isen as indicated  by  the  calculated  curve. However, 
the  actual  pressure rise was much m o r e  rapid. 

The temperature prof i le  at the maximum pressure of-39 pounds per 
square  inch  absolute is shown by the - so l id  curve i n  the lower par t  of 
figure 8. The temperature  close t o  the  interface between liquid and gas 
corresponds t o  an equilibrium vapor pressure of 39 pounds per  square 
inch  absolute  (fig. 6 ) ,  but  near the bottom of  the  tank the temperature 
of the   l iquid corresponds t o  an  equilibrium vapor pressure of only 23.5 
pounds per  square  inch  absolute. This temperature S t ra t i f ica t ion  accounts 
f o r   t h e  discrepancy between the- predicted and experimental  pressure-time I 

curves. 

- 

This  undesirable  rapid  pressure rise can be  avoided if temperature 
s t r a t i f i ca t ion  is  prevented. One way t o  prevent  stratffication is to 
keep the   f lu id  mixed. When the f h i d  was mixed. by  agitating  the  l iquid,  
the pressure dropped from 39 pounds per square.  Inch  absolute to about 
the  calculated  pressure; and the resul t ing temperature prof i le  i s  nearly 
uniform, as shown by  the  circles  in the lower part of figure 8. Then the 
temperature of the   ent i re  liquid mass corresponds t o  a vapor pressure  in 
the  tank  according to   t he  pressure-temperature  equilibrium  curve. 

Even though the  wingtip  fuel  tank  that  was b u i l t   f o r  liquid-hydrogen 
use  in  the NACA flight program incorporated  the  results of these  studies, 
8 weight compromise was still necessary  for a useful tank. The previous 
paper  indicates  that  the  strength of stainless  steel   increases with de- 
clining  temperature. However, experiments show that w a l l  temperatures 
in the gas  space above the  liquu may be as much as 200' .R higher %has_. 
the  temperature of the  liquid.  Therefore,  the  design stress of the mer  
metal l i n e r  must be  based on the highest tank temperature  anticipated. 
I n  order t o  provide a margin of safety,   rooptqperature-s t rength was 
chosen for  the  inner  metal  liner of the wingtip  tank.  Furthermore,  because 
tanks of this   type  mustbe  r igid.and because. proper  fuel-system  operation 

. .. ~ 

.I 



. requires a tank  pressure 50 pxnds per square  inch above atmospheric, an 
inner-shell  thickness of 0.050 inch was necessary. This heavy-gage material 
resul ts  in a r a t io  of tank weight t o  f u e l  weight of about 1.0, which is 

flight e f for t s  and did provide a large margin of safety,  the weight 
compromise was accepted. 

- undesirable  for  f l ight.  However; s ince  this  weight did  not  handicap 

The Wingtip tank, shown in  figure 9, is about 23 f e e t  long and 30 
inches in  diameter and has a 430-gallon capacity. The inner  shell  is 
made of s ta in less   s tee l .  It is covered  with a 2-inch-thick  insulation 
of low-thermal-conductivity  lightweight Styrofoam t o  provide a reasonable 
heat-leak  rate  while  the  alrplane is on the ground. This insulation is  
applied in  two 1-inch  layers.  Since  the  contraction rate of Styrofoam 
is considerably  greater  than that of s ta in less  steel, t he   s t ee l   she l l  
and the  insulation  are  not bonded. Joints made necessary  by  the  sectional 
application of the  insulation  are tongued and lapped t o  a l low fo r  movement 
during  contraction. In  order t o  lengthen  heat-leak  paths,  the second 
'layer of Styrofoam is applied so that i t s  jo in ts  do not  coincide  with 
the  Joints  of the  inner  layer. Four layers of resin-impregnated  Fiberglas 
compose the  outer  shell.  A thin  sheet of aluminum foil is instal led between 
the  insulation and the  Fiberglas t o  preclude  the  disintegrating  effects 
of the  resin on the Styrofoam. To prevent air condensation,  arrangements 
are.made t o  maintain helium at positive  pressure  in  the  insulation  space 
during f i l l i n g  and flight  operations. The wingtip  tank  in  figure 9 is 
not  complicated w i t h  an  agitation mechanism t o  stir t h e  liquid, since 
desired no-loss time can be  achieved even  though temperature s t r a t i f i ca t ion  
is permitted. 

. 
- 

I n  order  t o  compare experimental  operation of this  tank  with  predicted 
heat-leak  values, a heat-leak  test  was  made with  liquid hydrogen in  the 
tank. The resu l t s   a re  shown in   f ignre  10. When the tank is full, the 
maximum heat-leak  rate is 5400 Btu  per  hour, which is  consistent  with  the 
calculated  heat  leak  based on the heat-transfer  properties of the  tank 
materials. The instantaneous  rate of f u e l  loss corresponding to  the  heat-  
leak  ra te  is also shown in  f igure 10. A t  the  highest  heat-leak  rate, 
the   fue l - loss   ra te  is approximately 27 pounds per hour. This is equivalent 
t o  a 3-minute loss of f lying time at the  cruise  alt i tude of 50,000 f e e t  
fo r  each  hour the  airplane  tank is vented on the ground. 

In summary, these experiments indicate  the  following: 

(1) Heat-leak rates  for tanks  insulated w i t h  foamed-plastic mate- 
r i a l s  can  be predicted from known heat-transfer  properties. Purging the 
insulation  space  with helium gas prevents air condensation  but  results 
i n  an increase i n  the effective  thermal  conductivity of the  insulation. 

I 

. 



( 2 )  Pressure-rise data show a tendency f o r  temperature s t r a t i f i ca t ion  
of the l iquid that resul ts  in a no-loss time less than the.calculat;ed time. 
Agitating  the  liquid  prevents this temperature s t r a t i f i c a t i w  and increases 
the no-loss time consistent w i t h  the measured heat-leak rate. 

. . .. 

. .  .. 
(3) Steep  temperswe  gradients are present in t he  metal walls above 

the  liquid  level;  therefore,  the  tank must be designed fo r  lower stresses 
than would be  permiss33le if the metal were at the temperature of the 
liqyid hydrogen. 
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Figure 1. - Cross section of typical insulated tank. 
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Figure 2. - Steel-jacketed heat-leak apparatus. 
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Figure 7. - Pressure-time h i s t o r y  f o r  hydrogen in aircraf t  tank. 
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6. Aircraft  Fuel System For  Liquid Hydrogen 

By Paul M. Ordin, David B. Fenn, and Edward W. Otto 

The NACA has conducted a special   project   in  order  to  study the use 
of liquid-hydrogen f u e l   f o r   J e t  bouibers, in   addi t ion   to  the work with 
l iquid hydrogen 86 a high-energy fuel  described  in the preceding  papers. 
The design of the a i r c ra f t   fue l  system for   l iqu id  hydrogen i n  the B57 
bomber began i n  January, 1956. During the time the  NACA has been engaged 
in   this   project ,   s tudies  have been.completed on the a i r c ra f t  system i n  
the a l t i t ude   f ac i l i t y ,  on the ins ta l la t ion  of the system in the B57 air- 
craf t ,  and on the  operation of the aircraft on hydrogen f u e l  at an alti- 
tude of over 49j000 feet and a Mach  number of 0.72. 

The flight and  design problems considered in   the  project  were as 
f ollaws : 

. (1) A dual-fuel system t o   f a c i l i t a t e  the operation of one of the 
two J65 engines i n  the I357 aircraft with both Jp-4 and hydrogen fuels.  
This dual-fuel feature permitted  takeoff and climb  on Jp-4 fuel followed 
by a change t o  hydrogen fuel at the desired alt i tude.   In  addition, the 
reduced fuel requirements at high a l t i tude  permitted maximum f l i g h t  time 
on the available hydrogen fuel. 

(2) A simple and accurate  fuel  control that could be developed i n  a 
short time. Such a control w a s  believed  possible with an automatic rather 
than a separate manual control system. In  conjunction  with  the  control 
problem, the existing Jp-4 fuel   a i rcraf t -control  system w a s  t o  be u t i -  
l i zed  to   regulate  the hydrogen flow. 

(3) Safety i n  handling on the ground  and i n  flight, and i n  the use 
of satisfactory lines, fi t t ings,   tanks,  and related equipment compatible 
with the space  available i n  the airplane. The d m  here WEIS t o  keep m o d i -  
f i c a t i o n s   t o  the present  aircraft  at EL minimum. 

A basic  flow system which helps to   ind ica te  the areas of study and 
development is- shown schematically i n  figure 1. The hydrogen is stored 
as a l iqu id   i n  the aircraft  tank. The aircraft tank,  discussed i n  the 
preceding  paper, was  designed to   hold about 430 gallons of l iqu id  hydro- 
gen. The f u e l  system w a s  8 helium-gas pressure-fed system,  because  an 
a i r c ra f t  pump for  l i q u i d  hydrogen did not exist. Vacuum-jacketed 
plumbing was used t o  contain the l i q u i d  hydrogen"from the tank t o  the 
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heat exchanger. The heat exchanger was .designed only 40 yiportze the 
hydrogen and was considered  because the fuel-control problem would be 
simpler if a gaa rather than a two-phase m i x t u r e  of l iquid and gas w a s  
used. In  addition, the use of a heat exchanger might permit  the  applica- 
t ion  of the cold-sink  potentialities of hydrogen. Ram air rather  than 
compressor bleed or exhaust  gas was used t o  vaporize the fuel.  The cold 
hydrogen gas, about 50° R, enters the special fuel regulator. The hydro- 
gen regulator was designed t o  use the existing Jp-4 f u e l  control  loop 
system i n  order to  regulate the flow of hydrogen; the  regulator is a 
rat io   control  device which uses the controlled JT-4 fue l   to   cont ro l  the 
flow of hydrogen. The controlled hydrogen flow enters the manifold and 
then  the combustor  which was modified for  both JP-4 and hydrogen fue l  
operation. The main areas of study were the l i q u i d  fue l  tank, ram-air 
heat exchanger, hydrogen regulator, and combustor modification. 

The construction of the hydrogen tank and the resu l t s  of the  heat 
leak and pressure rise s tudies  are presented i n  the preceding  paper. 
From the tank  pressurized with helium gas, the  liquid hydrogen flowed 
into  the bottom of the heat  exchanger. The heat exchanger w a s  designed 
of commercially available  core  materials and is shown schematically  in 
figure 2. The heat exchanger consisted of 28 integral-finned copper 
tubes, 5/8-inch  dtameter, a length of 1 foot, and also had seven 17- 
incbdiameter fAns per  inch. The integral-fin tubes were selected because 
separation of the fins from the parent tube  can sometimes occur at low 
temperatures when they axe swaged o r  attached by other means. 

1 

The l iquid hydrogen then  entered the bottom manifold, was vaporized 
.. 

and collected in the upper manifold. The manifolds were constructed of 
stainless s teel ,  and the copper tubes  silver  soldered  to  the  manifold 
plates. This heat exchanger w a s  designed t o  vaporize 500 pounds of hydro- 
gen per hour; the f u e l  requirements f m  one engine at a 50,W-foot alti- 
tude and Mach 0.75 with a ram-air flow  of 1.75 pounds per second. In  
addition, the heat exhanger was sized  to   insure  an outlet-air  temperature 
above that of liquefaction  in  order  to  prevent the accumulation of l lquid 
air in   the  exchanger. The experimental  results  indicated that an airflow 
of 1.45 pounds per second w a s  required  to  vaporize the f u e l  completely, 
and the resultant exit-air temperature under these  conditions was 374O R, 
about ZOOo R above liquefaction  temperature. 

Almost  no experimental data exis ts  for heat exchangers designed for 
the vaporization of l iquid hydrogen, therefore, during the  investigation 
over-all  heat-transfer  coefficients  for  various  fuel flows were obtained. 
Studies of heat-transfer data through the heat exchanger indicated at 
least one area of  fundamental work which should be investigated. The 
mea   for  study w a s  cold-hydrogen temperature measurement i n  a flowing 
system. Carbon resis tors  rather than thermocouples were used f o r  measur- 
ing these low temperatures. The temperature-millivolt  output  relation 
fo r  thermocouples and carbon resis tors  is indicated on figure 3. 
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For the copper-constantan thermocouple, a very small output is ob- 
ta ined  for  a large change i n  temperature at a low temperature range of 
500 t o  150° R. For the carbon resis tors ,  where the change in   res is tance 
is important, f o r  the same temperature range, a considerably greater sig- 
na l  is available. However, even w i t h  the increased  output with carbon 
resis tors ,  there w a s  still some d i f f i cu l ty   i n  obtaining;  accurate  values 
of the exit-fuel temperatures. The f u e l  temperatures were used t o  deter- 
mine the  experimental  values of heat-transfer coefficients. The coeffi- 
cients w e r e  calculated from the measured over-all heat balance; that is, 
f’rom the airflow through the heat exchanger  and its temperature drop  and 
from the f u e l  flaw and its temperature r i s e .  

The heat-transfer  coefficients were fairly constant  through a wide 
range of f u e l  flows and indicated a value of about 65 Btu  per hour per 
square  foot of tube surface per ?F for  the designed f u e l  and airflow. 
The resu l t s  of the heat-exchanger  studies  indicate that hydrogen is  a 
relat ively normal boiling  liquid, end by using  standard  engineering prac- 
t i c e   i n  design,  desired  results w i l l  occur. As shown  by figure 3, the 
cold gas leaves the heat exchanger  and enters the special   fuel   regulator .  
The special   fuel   regulator  i s  actually  an  addition t o  the exis t ing Jp-4 
control system and uses the Jp-4 control system to  regulate  the flow of 
hydrogen fuel .  

The regulated  flow of hydrogen f u e l  is shown i n  figure 4. The normal 
JT-4 f u e l  system pumps the f u e l  from the  tank  through the automatic f u e l  
control, which is a hydraulic  device, and then  into the engine. The 
existing system is u t i l i zed  by ins ta l l ing  a fuel-rat io  meter i n  the closed 
loop. This r a t i o  meter is  shown on figure 4 and  would adjust the hydro- 
gen flow according t o  the Jp-4 flow. In   o rder   to  use the controlled JP-4 
flow to  operate a r a t i o  meter, the JP-4 f u e l  flow was bypassed  from the 
engine  through the special  f u e l  meter. When the  engine is operating on 
hydrogen fuel,  the Jp-4 fuel is bypassed  through the r a t i o  m e t e r ,  and the 
standard JP-4 control on the engine  performs the normal function of  main- 
taining a set speed when hydrogen fue l  is burned. 

The fuel-rat io  meter consists of two separate chambers and is shown 
schematically in   f igure 5. The JT-4 f u e l  flows  through one par t  of the 
regulator, which contains  an  orifice  for  setting up a pressure drop as 
a function of flow and also a piston which senses the drop. The force 
developed is then  transmitted  through a sealed  connection  lever .(with a 
r a t i o  of 1) t o  the hydrogen side of the  regulator, which contains an 
orifice,   piston, and valve assembly. The hydrogen flaw through the regu- 
la tor   ac t s  on the   p i s ton   to  set up a balancing  force. Any change i n  JP-4 
flow w i l l  change the forces  applied  to  the  piston and thus requires a 
change i n  hydrogen fue l  flow to  re-establish  equilibrium. With the re- 
quired  increase i n  fuel flow, a peater force is exerted on the JP-4 
piston, and this force is transmitted  to the hydrogen f u e l  side, opening 
the valve further. In th i s  manner, a unit, which would control the 
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hydrogen flow i n  a constant   ra t io   to  the flow of Jp-4 fuel,  w a s  obtained. 
The r a t i o  used w a s  that of the heating  values of the two fuels  and was 
determined by selecting  suitable  values fbr the or i f ice  and piston are=. 
Because the w e i g h t  flow of hydrogen fue l  depends on the density, it w a s  
necessary t o  incorporate a density compensator. As shown on figure 5, 
the method selected w a s  t o  adjust the or i f ice  areas with a helium-filled 
phosphor bronze bellows. 

The controlled  liquid-hydrogen  gas  flow  continues from the regulator 
through the manifold into the combustor. A schematic drawing of the 
original combustor p r io r   t o  any modifications  for  burning hydrogen is  
shown on figure 6. Figure 6 shows a section  through the combustor. The 
combustor is a prevaporizer-type  unit  in which the Jp-4 f u e l  enters 
through a 1/4-inch  tube  into the vaporizer  tube. The .JP-4 fue l  is va- 
porized, mixed w i t h  primary air, and burned. The engine  contains 36 va- 
porizer  tubes, and each tube  contains a 1/4-inch JP-4 fuel  tube. The J65 
engine combustor w a s  modified for  use w i t h  either JP-4 or hydrogen f u e l  
by the addition of a second  1/4-iuch  tube fo r  each  vaporizer  tube. The 
36 1/4-inch  hydrogen-fuel  tubes were fed from  an external manifold. A 
photograph  looking into the in l e t  of the modified combustor i s  shown i n  
figure 7. The JP-4 fuel   enters  the vaporizer tubes  through the straight 
tubes,  and the hydrogdn fuel   enters  through the bent  tubes. The only 
engine  modification was the addition of the hydrogen-fuel  tubes and 
manif old. 

P r io r   t o  the instal la t ion of the hydrogen f u e l  system i n  the ai rc raf t ,  
the complete engine  flow system was investigated  in our full-scale alti- 
tude f ac i l i t y .  A photograph of the engine  installation  in the tes t  
chamber is shown in   f igure  8. The system contains a31 our flight equip- 
ment and is coupled to ' the flight engine. The l iqu id   fue l  is forced  out 
of the tank by  means of helium  gas pressure. The liquid-fuel  tank and 
pressurizing systems are located  outside the building. With the tank 
pressurized, the l i q u i d  flows through the vacuum jacketed  lines t o  the 
bottom of the heat exchanger. Dry refrigerated air, simulating the ram- 
air conditions  encountered i n  flight, i s  passed over the heat exchanger 
t o  vaporize the f u e l .  The cold-hydrogen gas i s  then  passed  through the 
flow regulator and then  into the engine. 

During the a l t i tude  tests, over 40 transi3iow. from-JP-4 t o  hydrogen 
f u e l  were completed. Atypica l   p lo t  of engine  speed agalnst time during 
the t ransi t ion with the  engine  initially  operating OR JP-4 fue l  at sim- 
ulated  a l t i tude of 50,000 feet and Mach 0.75 is shown by figure 9.  Prior 
t o  the introduction of hydrogen, the hydrogen f u e l   l i n e  is purged with 
helium gas t o  remove  any air, moisture,  or  foreign matter. The next  step 
involves the operation of the engine on both JF-4 and hydrogen fue l  and 
is  accomplished by bypassing some of the Jp-4 f u e l  through the hydrogen 
regulator and  opening the main hydrogen valves. The dud flow  into the 
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combustor begins with a n   i n i t i a l  drop i n  speed as is indicated on figure 
9 .  This drop i n  speed  occurs  while  the Jp-4 f u e l  re turn   l ine  and hydrogen 
l i ne  are being  f i l led.  During this time, the hydrogen fue l   l i nes  and 
wn i fo ld  must be cooled'sufficientlyto  pass  sufficient  fuel  for d u a l  
operation. The operation of the engine on hydrogen fuel  only  occurs 
when the main Jp-4 f u e l  valve to  the  engine is closed and a l l  the Jp-4 
f u e l  is bypassed  through the hydrogen regulator. The engine  speed is 
varied  in  the normal manner by varying  the Jp-4 f u e l  throt t le   posi t ion.  

The fuel  transit ion  discussed  herein is typical  of most of the r u n s  
made, however, during a f e w  runs,  fluctuations  in  engine  speed  for a short  
period  during the t r ans i t i on   t o  hydrogen operation were obtained. A 
plot, showing the change i n  speed  during 8 fuel t r ans i t i on   i n  which some 
fluctuations  occurred, is shown i n   f i g u r e  10. The speed fluctuations 
always decreased after 4 t o  6 minutes of operation, after which speed 
could be changed and th ro t t l e  bursts performed, then the speed would 
respond i n  the normal. way. Fluctuations  in engine speed are probably due 
t o  unsteady bo i l ing   i n  the heat exchanger which causes a rapid change i n  
the l eve l  of l iqu id   in   the  heat-exchanger  tubes. Further research is  
required  to  obtain a be t t e r  understanding of the unsteady boiling problem. 

I n  previous  papers, the importance of temperature  profiles were in- 
dicated, and the temperature  distribution at the  turbine inlet f o r  the 
modified  engine w a s  under consideration. A comparison  of typical  radial 
temperature prof i les  measured a t  the turbine- inlet   for   both Jp-4 and hy- 
drogen f u e l  is sham in  f igure 11. The engine w a s  operated a t  an  a l t i tude 
of 50,000 f e e t  and a flight Mach  number of 0.75 at the limiting turbine- 
out le t  temperature. The temperature profiles i n  the radial direct ion are 
nearly  identical   for Jp-4 and  hydrogen fuels. To obtain a check on the 
uniformity  of the hydrogen-fuel  injection, measurements were also obtaLned 
of the circumferential  temperature  distribution. The results of the 
measurements are Shawn in   f i gu re  1 2  and no great e f f ec t  w a s  indicated by 
changing the  fuel .  The temperature  spread f o r   t h e  Jp-4 f u e l  is normal 
f o r  the engine  operation. 

The effect  of  engine changes on the net   thrust  developed w a s  studied, 
and on figure 13 the net thrust  as a function of engine speed f o r  opera- 
t i o n  of both fue ls  at an  alt i tude of 50,000 feet is shown. As discussed 
i n  a previous  paper,  because of the  different gas  properties  resulting 
from the combustion of the fuels, the net   thrust  at a given  engine  speed 
and fixed exhaust-nozzle area is lower with hydrogen than Jp-4 fuel .  
With a fixed exhaust-nozzle area s i zed   t o  'give limiting  temperature at 
sea-level  rated-speed  conditions , the 565 engine  burning Jp-4 f u e l  at 
50,000 feet reaches limiting  turbine-outlet  temperatures at about 8100 
rpm; at these  conditions,  -the  thrust is about 1190 pounds. With hydrogen 
fuel,  at the same altitude  conditions, the engine  reaches the same 



turbine-inlet  temperature at an  engine  speed of 8240 rpm. A t  this speed, 
a t h r u s t  of 1180 pounds is reached; the limited mechanical rated speed of 
the engine is 8300 rpm. With the added fue l  system, a 10-pound drop in  
thrust occurred,  but some of the  gains t o  be realized with bydrogen fuel, 
as expected from its heating  value, are shown in   f igure  14. Figure 14 is 
a plot of specific-fuel consumption against  engine  speed  for the two 
fuels .  A specific-fuel consumption of about 1 . 2  was measured f o r  Jp-4 
fuel,  and 0.44 pound per hydrogen f u e l  per pound of thrust   for  hydrogen 
fue l  w a s  recorded. 

In  the  altitude  tank  studies, a t o t a l  of about 30 hours with hydrogen 
fue l  on three  different J65 engines was accumulated with a maximum  of 20 
hours on one engine. Inspection of the combustor  and turbine stator 
indicated no deterioration. 

The resul ta  of the studies   in  the al t i tude  faci l i ty   indicated that 
there was a workable flight system, and the  pilots,  who operated  the 
system i n  the altitude tank, were convinced that the next phase of the 
program, the flight installation,  could be handled. 
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Figure 7. - Combustor modif'ication. 
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Figure 8. - EngLm ins ta l la t ion  in alt i tude  tank. 
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7. FLIGHT EXPERIENCE WITH LIQUID HMROGEN 

By Donald R .  Mulholland, Joseph S. Algranti, and William V. Gough, Jr. 

The objectives of the flight-test phase of the  XACA liquid-hydrogen 
research program were, first, t o  construct a wdrkable f u e l  system and 
demonstrate its feas ib i l i t y  during flight; and second, t o  uncover areas 
i n  which laboratory  research can best  be  applied t o  further the work in 
this f i e ld .  

The f l ight   plan  for   the program was t o  operate one engine of a B-57 
airplane  with hydrogen during  cruise at approximately 50,000 f e e t  alti- 
tude. The climb and descent were to  be made on JP fue l .  Operation  with 
hydrogen fue l   fo r  these flights was t o  be  only long enough t o  establish 
complete and sa t i s fac tory  operation of the  engine at a l t i tude .  This per- 
mitted the use of a  reasonably s ized fUel  tank f o r  tpe B-57 airplane. * 

I n  the laboratory  faci l i ty ,  the hydrogen  system t o  supply the 565 
engine was  tai lored  to  duplicate the ins ta l la t ion  planned for the B-57 
airplane.  Therefore,  the  aircraft  fuel system contained  almost identi-  
cal   features  of the  laboratory  installation. The fuel-l ine  length was 
‘the same, and the fuel  tank with the pylon plumbing, the  heat exchanger, 
the  special   fuel  regulator,  and the engine w e r e  actually  transferred t o  
the  a i rcraf t   ins ta l la t ion.  These steps were taken i n  an e f fo r t   t o  en- 
sure, as far as  possible, a fu l ly   t es ted  system f o r  the flight 
application. 

c 

A cutaway view  of the spec ia l   fue l  system i n  the B-57 a i r c r a f t  is 
shown i n  f igwe 1. The f u e l  tank is  mounted on t h e   l e f t  wing t i p .  The 
vacuum-jacketed l iquid-fuel  l ine extends  inboard from the t i p   j u s t  aft 
of the  single main spar t o  the gunbay  compartment, then forward and down- 
w a r d  in to   the bottom of the heat exchanger. The gaseous fuel is  con- 
ducted from the top of the  heat exchanger through an  unjacketed l i n e   t o  
the  special   fuel  regulator and then through an  inboard r i b   t o  the special  
f u e l  manifold  surrounding the engine. The helium  supply  necessary fo r  
pressurizing  the fuel tank and purging the   fue l  system is  car r ied   in  a 
tank on the right wing t ip.   Figure 2 is a photograph of the B-57 a i r -  
plane with the equipment ins ta l led  ready f o r  f l i g h t .  The ram airscoop 
fo r   t he  heat exchanger is mounted under t h e   l e f t  wing jus t  outboard of 
the engine nacelle. 

L 
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The wing-tip  location was chosen for the   fue l  tank f o r  two reasons. 
F i r s t ,  it was desirable, for this first flight attempt, t o  provide a fue l  
tank that could be dropped, and the wing t i p  w a s  considered the  best  
aerodynamic location  for  proper  separation. Secondly, as a safety meas- 
ure ,  the f u e l  supply and the vent  pipe were kept as far from the engine 
as possible. 

The hydrogen f u e l  tank and the pylon are shown i n  figure 3. Details 
of the  fuel-tank  construction,  including  type of s t ructural  material and 
insulatton,  are  given  in  paper 5. The tank i s  supported on the wing t i p  
by a standard bomb rack  instal led  in   the pylon. The vent  tube  extends 
along the top of the rear section and exhausts at the aft t i p  of the 
tank. This tube is  used for venting gas as necessary to   s tay  under the 
maximum tank  pressure and a l so   fo r  dumping the l iquid from the tank when 
necessary. A standad  intercostal   construction i s  used inside  the shell 
along the top of the tank for  support, and inverted U-boUs hold the tank 
t o  the bomb rack. 

The tankis approximately 23 f ee t  long and 30  inches i n  diameter. 

The standard tank used on the B-57 a i rc raf t  i s  only 1% feet long. 
Therefore, some aerodynamic flight testing was required  to.  determine  the 
f eas ib i l i t y  of using  the  larger tanks on this a i rc raf t .  One of  the dum- 
my tanks used f o r  aerodynamic f l i gh t   t e s t s  i s  shown i n  figure 4. This - 
i s  actually an F-84 wing-tip tank modified with additional  cylindrical  
sect ions  to  make.the length s i m i l a r  t o  that of the hydrogen fuel tank. 
Steel  pipes  are mounted inside  the tank t o  provide for the proper moment .I 

of inertia.  Several flights with these dummy tanks established that the 
airplane  operation would not be  impaired by the use of the larger wing- 
t i p  tanks f o r  the flight  conditions  required for these t e s t s .  

1 

Studies were also made t o  determine  the  separation  characteristics 
of the  fuel  tank,  should it become necessary t o  drop the tank.  Calcula- 
tions  indicated that the tank should nose upward and t ranslate  outward at 
the time of separation frm-the w a g  tip. Drop t e s t s  with a scale m o d e l  
of the wing section and the tank were performed in a wind tunnel t o  verify 
these resu l t s .  Moving pictures  recorded the model tank drops i n  the tun- 
ne l  at simulated low- and high-speed  conditions fo r  the B-57 airplane. 
These pictures were taken in slow motion from three different posi t ions  to  
show the  tank  separation. The tunnel   tes ts   ver i f ied the results of the 
calculations . No tank dmps have .been made during flight, since the 
flight operations  never  required  .disposing of the fuel tank. 

In  designing  the  fuel system, as much of the  control plumbing as 
possible was  kept i n  the outboard  area. All the control  valves were 
placed i n   t h e  pylon  along w i t h  the bomb rack, except one shutoff  valve 
that w a s  installed near  the  engine. The pylon  containing  the  special 
valves and fittings,  along with the  dip  tube, i s  shown i n  figure 5. The c. 

liquid-control  valves shown i n  t h e  rear   par t  of the pylon are standard 

F 



pneumatic valves  actuated by helium gas at  a pressure of 150 pounds per 
square  inch. This type of pneumatic valve had formerly been used fo r  han- 
dling  l iquid owgen. The helium-control valves are shown in the  front 
part  of the pylon. 

Figure 6 i s  a simplified drawing of the f u e l  l i n e s   i n   t h e  pylon. 
The dip  tube, which extends into  the  tank, is a double-walled  tube that 
serves not only as a  dip  tube  but  also as a capacitance  liquid-level 
measuring device. Three separate  lines extend into  the  dip-tube opening, 
one for  pressurizing  the  tank  with helium, the second f o r  venting  off 
the gas as the tank  pressure  builds up,  and the  third connected t o  the 
dip  tube f o r  flowing the liquid  into  or  out of the tank. The tank is  
manually vented as required  through  operation of the pneumatically  oper- 
ated  vent  valve. A pressure-relief  valve is provided around the vent 
valve to   r e l i eve  the tank in  case the vent  valve  should not open. Fur- 
ther,  a blowout disk is ins ta l led   a t  a second  opening i n   t h e  tank so  tha t  
the  l iquid will be forced from the tank through  a second dip  tube i n  case 
other means of pressure   re l ie f   fa i l .  To date,  the  vent  valve  has always 
functioned  satisfactorily and it has been  operated many times. To jet- 
t i son  the liquid from the  tank, a second  pneumatic valve is opened so 
tha t  the l iquid w i l l  be  forced  out through the standard  dip  tube and ex- 
hausted  through the vent  tube a t   the   rear  of the ta&. To f i l l  the tank, 
t h i s  same l ine  i s  disconnected at the rear of the pylon and attached to 

. a transfer l i ne  from a supply  tank. To f l o w  f u e l  t o  the engine, a third 
pneumatic valve is opened t o  connect the  dip  tube  to  the main fue l   l i ne .  

The main l iquid-fuel   l ine  i s  a speciaLly  constructed vacuum-jacketed 
line.  Special  metal-to-metal  flanges w i t h  double  O-ring metal  seals  are 
used t o  connect sectlons of the  l iquid  l ine.  A drawfng of this type of 
flanged  joint is shown i n   f i g u r e  7. The joint  is  composed of two f l a t -  
faced  flanges  held  together with a V-band clamp. The  two hollow metal 
O-rings provide a double seal.  A vent  tube i s  connected t o  an annulus 
between the two O-rings t o  vent any leakage past   e i ther  O-ring t o  a safe 
external  low-pressure  area. Although this joint  is not  a  low-heat-leak 
joint ,  it is particularly  applicable t o  the  a i rcraf t   ins ta l la t ion,   s ince 
it requires  very little space f o r  assezribly as ccgnpared t o  the bayonet- 
type  joints normally available on the commercial market. 

The heat-exchanger ins ta l la t ion  on the a i r c ra f t  is  shown i n  figure 
8. The basic heat-exchanger construction is discussed i n  the preceding 
paper. The vacuum-jacketed l iqu id   l ine  i s  connected t o  the bottom of the  
heat exchanger, and the'unjacketed  cold gas l i ne  i s  connected t o  a simi- 
lar manifold on the top. The heat exchanger i s  mounted so that it pro- 
jec t s  about  halfway below the wing skin i n  order that a ram airscoop  can 
be  easily  installed over the heat exchanger. The ram-airscoop installa- 
t i o n   i n  figure 9 shows the ram opening on the front  of the scoop; a s i m -  
ilar exit opening is a t  the rear.  
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The fuel regulator and fue l  manifold around the engine are ident ical  
to   those used in   the  laboratory  instal la t ion and are  fully  described  in 
the previous  papers. 

The helium  storage tank mounted on the right wing t i p  is shown i n  
figure 10. Twenty-four Fiberglas  spheres were used to   s to re  the helium 
necessary f o r  purging and pressurization. These spheres were mounted i n  
one of the dunmy tanks used ear l ie r   for   the  aerodynamic tests. The 
spheres were charged t o  3000 poupds per  square inch. Twenty-two of 
the  spheres were used for   the normal helium supply, and  two were reserved 
for  emergency use. " 

All controls  for  operating  the  special equipment are mounted i n  the 
rear cockpit of the airplane as shown in   f i gu re  11. The master control 
switch and indicating lights f o r  a l l  the valves and the  standard  indica- 
t o r s   f o r  engine  exhaust temperature, engine  speed, and Jp flow are  pro- 
vided. In addition,  indicators were ins ta l led   for  hydrogen fuel   level ,  
fuel-tank  pressure, helium supply  pressures,  conbustible-gas alarm, and 
other  miscellaneous equlpment. 

Of' the many precautionary measures taken  for  safety, some have  been 
mentioned,  such as the location of the  fuel  tank with respect  to  the en- 
gine, the "droppable" feature of the tank, and the pneumatic helium-operated 
valves. I n  addition,  microswitches were mounted on the valve stems t o  
provide a positfve  indication  for each valve  position. The microswitches 
were enclosed and purged with low-pressure  helium gas to  eliminate  every 
source of e lec t r ica l   ign i t ion  outboard  of the engine. The microswitches 
were connected to   the   ind ica t ing   l igh ts  shown on the control  panel. It 
was so arranged that every  valve  indicating light had t o  be "on1' f o r  each 
master-switch  position t o  show that  a l l  the valves i n  the system were 
either in the correct open or  closed  position.  3y th i s  means, a valve 
malfunction  could be quickly  identified and proper  corrective  action 
taken. 

. 

Other sue ty   f ea tu re s  included a combustible-gas alarm system. The 
layout of  t h i e  system is shown in figure 1 2 .  For this  applicatton,  four 
sampling stations are instal led a t  c r i t i ca l   po in ts   in  t he  wing: at the 
wing t i p ,  in the gunbay area near the heat exchanger and the fuel  regula- 
t o r ,  and in the  engine compartment. A sample from  each s ta t ion is cantinu- 
ously passed throu@;h a sampling valve  located i n  the bomb bay. Each 
sample i s  then  cycledtbrough a gas alarm unit  located in  the  cockpit .  . .  

Critical areas of  the wing are  also purged with ram air as a fur- 
ther  precaution. The gun-compartment ram-air-purge  door i s  blocked open. 
Louvres are provided on the wing lower surface and on the  pylon  skin. 
Also, the two joints  of the l i qu id   l i ne   i n  the wing cavity are hooded  and 
connected t o  an external  low-pressure  area to  create  posit ive flow away 
from these  regions.  Actually, many helium-leak inspections of the ent i re  
system were made both  before and m e r  flights, and no leaks have yet 
been found i n  the 'hydrogen fue l  system. 

. .. 

'I 
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c A l l  t h e   f l i g h t   t e s t s  have  been  conducted  over Lake Erie. To date, 
f ive  flights have been made.  The first two flights were considered only 
partially  successful.  Although the change was made t o  complete operation 
on hydrogen, insuff ic ient   fuel  f l o w  was obtained f o r  sat isfactory high- 
speed  engine  operation. On these flights the hydrogen f u e l  was jetti- 
soned, the engine was switched back t o  Jp fuel ,  and the aircr&t was re- 
turned t o  the  base. The fue l   j e t t i son  and r e tu rn   t o  Jp f u e l  was  accom- 
plished  without  incident.  Several  &nor changes were &e in the  system 
following  these  flights, after which three completely sat isfactory flights 
were  made. 

I 

The flights were a l l  conducted at 48,000 t o  49,000 fee t   a l t i tude ,  
and the hydrogen portion of each of the  last three   f l igh ts   l as ted  approx- 
imately 20 minutes by which t i m e  the f u e l  supply was exhausted.  Steady- 
state  operation was maintained on the first of the successful flights; 
and on the l a s t  t w o  flights engine speed was varied by use of the  stand- 
ard  engine th ro t t l e .  

The changes i n  fuel-tank  pressure  during taxi are presented i n   f i g -  
ure 13(a). Tank pressure is  plotted  against t i m e  f o r  the wing-tip  tank 
i n  a stationary  posit ion  as used i n  the laboratory and f o r  the a i r c r a f t  
fuel  tank  during  the  taxi  pertod  prior  to  takeoff.  The curve for  the 
stationmy tank shows that the  tank  pressure  increased  very  rapidly Sna 

* would reach  the maximum tank pressure i n  about 6 minutes. The pressure 
r ise   in   the  tank  during  taxi  was  much less  rapid;  therefore,  venting at 
maximum tank  pressure would be  substantially  delayed beyond the no-loas 
time f o r  the stationary tank. This  additional no-loss time i s  realized 
because  temperature s t r a t i f i ca t ion  of the  l iquid i s  prevented  during 
agitation, and thus more of the  heat  leak  into  the tank i s  absorbed in to  
the  l iquid as the  pressure rises. The importance of this comparison of 
pressure rise was s igni f icant   in  the flight operations,  because the re- 
sults of pressure rise f o r  a stationary  tank  indicated that venting of 
the  tank at maximum pressure would be necessary  during  the t& period. 
Venting  during this t i m e  was considered  undesirable with regard  to safe -  
ty.  Actually, because of the extension of no-loss t i m e  due t o  agitation, 
venting of the tank wa6 not required un t i l   t he  aircraft reached more than 
10,000 fee t   a l t i tude .  

Fuel-tank  pressure changes during flight are presented i n  figure 
13(b). In the  top  curve,  altitude is  plotted  against time beginning  with 
takeoff and extending u n t i l  the a i r c ra f t  reached  cruise  altitude of ap- 
proximately 50,000 f ee t .  The lower p lo t  shows tank  pressure  against  time 
af ter   takeoff .  As the task pressure  increased and approached the maximum 
tank  pressure, hydrogen gas was vented by use of t he  mually operated 

quired eight times during the clim?~ t o  cruise   a l t i tude.  The low points 
of the  plot  represent  the  pressure a t  which the vent  valve was arbi- 

I vent  valve. As shown by the figure, manual venting of the tank was re- 

L t r a r i l y  closed. The area of importance of the tank pressure plot  is 



shown immediately after the flrst venting of the tank, where, as the tank 
pressure was increasing, the a i r c ra f t  encountered a moderately turbulent 
condition and the tar& pressure immediately  dropped from approximately 
42 t o  37 pounds per  square  inch. This indicates  again  the  effect o-E..fuel 
agitation on tank pressure. 

The engine speed and the JP f u e l  flow during the transit ion  period 
i n  flight from JP-4 t o  hydrogen fue l  and back t o  Jp-4 are  shown in figure 
14(a) . The time  base  begins at the time the  tank was pressurized with 
helium, which was the first step i n   t h e  process of changfng from the JP-4 
t o  hydrogen fuel .  A small increase i n  speed took  place when the helium 
purge was introduced in   t he  hydrogen f u e l  system. This was caused by the 
small amount of JP f u e l   t h a t  w a s  forced from the  hydrogen manifold into 

the engine as the  helium  purge  began.  Approximately 1.z minutes l a t e r   t he  
system was shifted t o  the  split-flow  condition where the  engine was oper- 
ated on SP-4 and hydrogen fue l .  A t  th is   point  the speed  dropped slight- 
ly as the JP fuel. w a s  s p l i t  between the bypass and the normal engine  flow 
system. After  approximately  another 5 minutes the engine w a s  switched 
completely t o  hydrogen f u e l  by turning  off the Jp. f.uel  flow t o  the en- 
gine. The engine w a s  then  operated for 2 1  m.iqutes m. hydrogen without 
Fncident, after wbfch the engine was shif ted back t o  JP &el. 

1 

1 

- 
The engine ta i lp ipe  temperature f o r  the same f l i gh t  during the  tran- 

sition  period from JP f u e l   t o  hydrogen fue l  i s  shown in  f igure  14(b) . A t  - 
no time  during  the changeover period  did  the  tailpipe.temperature  increase 
beyond acceptable limits. At  one point the ta i lp ipe  temperature  did  in- 
crease momentarily beyond the nnrmal operating limit of 6200 C . This oc- 
curred with the small increase  in speed at the beginning of the helium 
purge. This increase of 300 over the normal tailpipe-temperature l i m i t  
is  not of concern, since it lasted such a short  time.  Actually,  the 
tailpipe  temperature can increase  to 800' f o r  a momentary period  without 
damage t o  the engine. 

Motion pictures were made of the  preflight and inflight act iv i ty  
showing preparation of the a i r c ra f t  for fuel  loading,  the  actual  fuel- 
loading  operations,  dismantling of the  fuel-transf er equipment before 
taxi and takeoff, the jett isoning of the liquid hydrogen from the tank 
at al t i tude,  and condensation trails produced by the test engine. The 
hydrogen-fueled  engine  produced a heavy persistent  contrail ,  whereas the 
engine  using 57)-4 f u e l  had no coKtrail . 

In conclusion,  operation of the  engine on hydrogen f u e l  during f l i g h t  c 

has been very  satisfactory, The a i rc raf t   ins ta l la t ion  was relat ively 
straightforward, and l i t k l e  modification of the  a i rcraf t   s t ructure  was 
required. This experience  indicates  that, for the most part ,   existing 
types of equipment can  be  used for handling hydrogen i n  an a i r c ra f t  sys- 
tem. It i s  important t o  point  out, however, t ha t  high standards of 
worhanahip muit be used handling of l iquid 
hydrogen. 
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Figure 2. - B-57 airplane used for hydrogen flight tests .  
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Figure 3. - Eydrogen tank used on E57 a m l a n e .  

Figure 4. - Dunmrg tank on B-57 airplane for aerodynamic flight t e s t s .  
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Figure 5. - Pylon for B-57 airplane. 
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Figure 6. - Fuel system in El-57 pylon. 
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Figure 7. - Flange-t$pe low-temperature joint. 

Figure 8. - Heat exchanger mounted on B-57 w i n g .  
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Figure 9. - Heat-exchanger airscoop. 

Figure 10. - Helium storage tank for B-57 airplane. 
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Figure 11. - Flight control panel for hydrogen eystem in B-57 airplane. 

Figure 12. - Combustible-ga-6 -alarm .. system for €3-57 airplane. 
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